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1. Summary
The first Science Panel meeting, �NREL-NASA Ames Unsteady Rotor Aerodynamics 10-m HAWT
Wind Tunnel Test,� was held at the National Wind Technology Center (NWTC) of the National
Renewable Energy Laboratory (NREL) on October 5 and 6, 1998.  The purpose of the meeting was to
solicit recommendations and resolve technical issues related to testing the NREL 10-meter (m)-diameter
instrumented research wind turbine in the National Aeronautical & Space Administration Ames Research
Center�s (NASA Ames) 24.4-m (80�) by 36.6-m (120�) wind tunnel.  At the time of the meeting, the wind
tunnel test was scheduled for a three-week period beginning September 20, 1999.  The test dates were
later postponed until early 2000.

The meeting focused on identifying and prioritizing test activities to produce the information needed to
answer specific research questions.  We were surprised at the high level of interest and positive response
to the meeting and our planned test activities.  Approximately 35 individuals experienced in wind turbine
aerodynamics attended the meeting.  Also in attendance were International Energy Agency (IEA)
collaborative research partners representing the United Kingdom (UK), Denmark, Sweden, and The
Netherlands.

This meeting focused specifically on semi-empirical models used to simulate the effects of dynamic stall
and three-dimensional (3-D) responses, and on obtaining results from the wind tunnel test needed to
validate these models.  NREL and various European organizations rely heavily on the Beddoes-Leishman
and other similar semi-empirical dynamic stall models.  The models are incorporated into aeroelastic
codes, which are used to design and simulate the structural dynamic responses of wind turbine
configurations.  The models reproduce the aerodynamic responses of airfoils subjected to varying degrees
of atmospheric wind turbulence, inflow shear, off-axis operating yaw, and other dynamic effects.  The
Beddoes-Leishman model was originally developed for helicopter aerodynamic response simulation, but
has been modified and adapted by various users for wind turbine applications.

During the meeting, the Science Panel and representatives from the wind energy community provided
numerous detailed recommendations regarding test activities and priorities.  The Unsteady Aerodynamics
team of the NWTC condensed this guidance and drafted a detailed test plan.  This test plan represents an
attempt to balance diverse recommendations received from the Science Panel meeting, while still taking
into account multiple constraints imposed by the UAE research turbine, the NASA Ames 80� X 120�
wind tunnel, and other sources.

The NREL/NASA Ames wind tunnel tests will primarily focus on obtaining rotating blade pressure data.
NREL has been making these types of measurements since 1987 and has considerable experience in
doing so.  In our first full-scale wind tunnel venture, we feel it is not wise to deviate significantly from
what we are currently accustomed to doing � a sentiment clearly voiced by many members of the Science
Panel.

The purpose of this wind tunnel test is to acquire accurate quantitative aerodynamic and structural
measurements on a wind turbine that is geometrically and dynamically representative of full-scale
machines in an environment free from pronounced inflow anomalies.  These data will be exploited to
develop and validate enhanced engineering models for designing and analyzing advanced wind energy
machines.

Previous atmospheric turbine testing demonstrated the extremely complex dynamic nature of a typical
wind-turbine-operating environment.  Highly turbulent wind and sheared inflow conditions are major
factors that contribute to the complexity.  Testing in a controlled wind tunnel environment will eliminate
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these factors.  The resulting data will provide information from which a significant portion of the complex
inflow-induced operating environment is removed.  This will enable researchers to isolate and
characterize specific dynamic-stall responses and 3-D rotational effects under benign steady-state
operating conditions.  Selected publications are listed in Appendix V.

2. NREL Unsteady Aerodynamics Experiment (UAE)
Background

The UAE research turbine is extensively instrumented for structural loads and aerodynamic response
measurements.  It includes a pressure-tapped blade with five radial stations of aerodynamic pressure
profile characterization, local angle-of-attack (AOA), and spanwise flow angle measurements [see Huyer,
et. al. �Unsteady Aerodynamics Associated with a Horizontal-Axis Wind Turbine�, AIAA Journal,
Volume 34, No. 7, July 1996].  Turbine inflow conditions and power output are also measured.  The
turbine has been field-tested in many different configurations since 1989.  We are currently running a
two-bladed damped-teeter rotor.  We have a large repertoire of other equipment for the turbine that could
be used in a variety of potential configurations for wind tunnel testing.  All use active blade-pitch control.
The possibilities include a two-bladed rigid hub; a two-bladed independent-blade flapping hub (damped
or controlled); a three-bladed rigid hub; upwind; downwind; a tapered/twisted blade set; a twisted blade
set; a rectangular blade set; and free yaw, fixed yaw, and variable revolutions per minutes (RPM).

The NREL UAE is capable of measuring several time-varying aerodynamic and structural quantities of
interest to wind machine modelers and designers.  Paramount among these is the capability to measure
unsteady blade-surface pressures, angle of attack, and air speed at five blade span locations.  In addition,
blade pitch and yaw can be quickly set and held, or driven as a function of time, with a high degree of
accuracy.  Blade-root-bending moments are recorded, as are blade-tip and nacelle accelerations.  Nacelle
yaw angle and yaw moment are also measured, as well as hub rotation rate and generator power output.
Finally, inflow parameters, including wind speed and direction, are constantly monitored.

The NASA Ames 80� x 120� wind tunnel will provide inflow conditions characterized by temporal
stability and spatial uniformity not obtainable in a field test environment.  Test section velocities from
5 m/s to 25 m/s will be used during the test, corresponding to representative turbine cut-in and cut-out
wind speeds.  Blockage and boundary effects will exercise minimal influence on the measurements being
performed due to the large cross-sectional area of the test section.  The wind tunnel balance system will
provide six DOF force and moment measurements.

Since the meeting, the turbine suffered a catastrophic failure.  On November 18, 1998, the
instrumentation boom broke off the turbine rotor.  As the boom broke loose and fell, it smashed into the
instrumented blade.  The blade sheared off at the 60% span location.  The turbine was running in normal
operating mode and collecting data at the time.  The wind speed was approximately 20 m/s from the west.
The 2-m outboard section of blade landed approximately 100 m downwind of the turbine.  The
instrumentation boom landed 15 m downwind.  The failure was due to fatigue damage caused by stress
concentrations on an aluminum section of the instrumentation boom near a joint.  A preceding period of
extremely high wind conditions most likely exacerbated the failure.

Because of the turbine failure, we took the following actions:
• The instrumented, untapered twisted blade was a total loss and could not be repaired.  However, we

had a new tapered and twisted blade set under construction.  We had not planned to use these new
blades in the wind tunnel for this particular test.  Therefore, we restructured the planned activities and
accelerated the construction and instrumentation of the new tapered twisted-blade set.
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• We eliminated extensive pre-tunnel field tests of various rotor configurations (for example, free-
flapping rotor) and redirected our efforts to rebuilding the damaged rotor systems and incorporating
minor redesigns into test apparatus to increase robustness and expedite data acquisition and
processing.

• We will only have time to run a short field test (one month) to verify operation of new systems and
the new tapered and twisted blades prior to entering the wind tunnel.

• We subsequently delayed the wind tunnel entry by one month (October 18, 1999).
• Accommodating the recovery impacted our ability to prepare for the more diverse testing activities

originally envisioned.  The current test program, detailed in Section 12 below, focuses on collecting
critical aerodynamic performance data for upwind and downwind turbine configurations that are
necessary to validate current aerodynamics models.  More detailed examinations of other high
priority research issues melding tower/ blade interactions, wake flow, and 3-D boundary layer
transition, etc., will be planned for a future test opportunity.

In late August 1999, we were informed by NASA Ames that the October 18 date might be delayed due to
longer-than-anticipated testing by current tunnel occupants.  We agreed to move the test to early 2000.
This would give NASA Ames additional time to finish current tests, run a tunnel calibration test, and
rebuild a fan motor.  The delay provided NREL with the opportunity to build and test a yaw drive for the
turbine and to evaluate and prepare for other wind tunnel tests.

3. Meeting Objectives

The first meeting focused on defining a test matrix that would produce the wind tunnel test data sets
needed to facilitate a better understanding of the following three wind turbine applied research topics:

1. �Engineering� dynamic-stall model verification.  We typically call the semi-empirical dynamic stall
models �engineering models� because they can be run quickly and are easily incorporated into other
wind turbine structural dynamics and engineering design codes.  The engineering dynamic-stall
models are based on experimental data analyzed in conjunction with unsteady theory and enable
empirical predictions in the stall regime.  All U.S. wind turbine design codes use a version of the
Beddoes-Leishman dynamic-stall model with pitching airfoil behavior algorithms implemented.  This
version, called �AeroDyn,� was developed at the University of Utah and tuned with 2-D oscillating
airfoil data from Ohio State University (OSU) [see Pierce, K., Hansen, A. C., �Prediction of Wind
Turbine Rotor Loads Using the Beddoes-Leishman Model for Dynamic Stall�, Journal of Solar
Energy Engineering, Transactions of the ASME, v. 117, n. 3, Aug 1995].

In addition, European wind-turbine designers conducted extensive research in developing and
evaluating different engineering dynamic-stall models, including various other implementations of the
Beddoes-Leishman model.  Recent European experience identifies some serious limitations based on
the way these models are implemented [see Rasmussen, et. al, �Dynamic Stall and Aerodynamic
Damping�, AIAA-98-0024].  As European turbine designers continue to optimize and refine large
stall-controlled configurations, stall-induced blade vibrations, and the resulting reduction in blade
fatigue life, are emerging as a major problem.  Plunging and lead-lag motion algorithms that simulate
the aerodynamic responses that drive these blade motions are not implemented or validated in the
current U.S. or European engineering dynamic-stall models.

The test objective for this research topic is to run the turbine under conditions designed to produce
benign, controlled 3-D cyclic pitch and possibly plunging data.  This will allow better
implementation, tuning, and evaluation of the engineering dynamic-stall-model algorithms.  A
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potential topic of discussion is the relevance and necessity of obtaining lead-lag data and the
difficulty associated with configuring an experiment to make these types of measurements.

2. Computational Fluid Dynamics (CFD) model verification.  Ongoing advancements in computer
technology are enabling U.S. and European researchers to develop complex numerical simulations of
full-scale wind turbine 3-D rotor behavior using Navier-Stokes-based CFD computer codes.  CFD
results are used to produce data needed to further tune the semi-empirical dynamic-stall models.
Basic 3-D rotor performance data are needed to enable initial comparison with CFD model results.
The complex dynamic nature of typical wind turbine operation in a field environment makes it
difficult to isolate baseline steady-state aerodynamic performance.

The test objective for this research topic is to produce baseline 3-D rotating aerodynamic performance
data under the most benign steady-state conditions possible.  A potential topic of discussion is
characterizing tunnel turbulence and defining its impact on model results.  It may also be necessary to
trip the boundary layer at a known location on the blade to further eliminate uncertainty and produce
an initially comparable data set.

3. Quantification of 3-D rotational effects.  Quite a bit of work in both the U.S. and European wind
energy communities has gone into trying to develop models to characterize 3-D rotational effects.
[see Snel, H., Houwink, R., and Bosschers, J., �Sectional Prediction of Lift Coefficients of Rotating
Wind Turbine Blades in Stall� ECN Report ECN-C-93-052, Dec. 1994].  The main consequence of
these effects are delayed stall and increased lift inboard, non-2-D post-stall behavior along the span,
and tip-vortex-induced lift effects outboard.  These effects are usually implemented by altering 2-D
aerodynamic performance data used as input in engineering dynamic-stall models.

The test objective for this research topic is to produce data needed to properly quantify the 3-D effects
under various operating conditions so that existing or resulting models can be validated.  A potential
topic of discussion is to define the range of operating conditions that are likely to influence 3-D
effects.

The need for subsequent Science Panel meetings will be decided later.  It may be necessary to reassemble
the full Science Panel prior to entering the wind tunnel to discuss and resolve issues related to the final
proposed test matrix.  However, it may suffice to meet only with the technical oversight committee or
resolve issues via e-mail.  Scheduling subsequent meetings will depend primarily on comments received
after Science Panel members review the final test matrix.  Follow-up meetings to summarize resulting
data sets and to review analysis activities after wind tunnel testing has been completed are also a
possibility.

4. European Research Partner Participation

Since the late 1980s, many European Union (EU)-funded Joule research projects have taken an in-depth
look at issues related to wind turbine dynamic stall and 3-D effects.  Recent European research has
identified shortcomings in the dynamic stall models resulting in significant blade design problems.  As
European wind turbine blade builders refine their designs to optimize weight and performance, stall-
related issues, such as stall-induced vibrations, have surfaced.  The aerodynamic mechanisms that drive
these phenomena are not well understood and were not incorporated into the earlier dynamic-stall models.
The resulting unsteady aerodynamic forces, coupled with blade structural responses, cause premature
blade fatigue failure.  Attempts were made to add algorithms to models to account for these forces, but
data to validate the models are difficult to obtain.  European researchers who attended the Science Panel
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meeting were therefore asked to summarize the results of these EU Joule projects.  These presentations
are shown in Appendix G.  European attendees were also asked to provide recommendations to NREL as
to what data the wind tunnel test could provide to enable better validation of the models.  These
presentations were conducted during Session 3, and are shown in Appendices I-M.  Based on the outcome
of the Science Panel meeting, as summarized in this report, European research partners will submit
proposals to NREL describing proposed research studies, with the resulting validated algorithms or
methods being supplied to NREL in exchange for specified test data.  These proposals will form the basis
of the collaborative research and may be formalized under an International Energy Agency (IEA)
agreement.

5. NREL- NASA Ames Test Agreement
NREL had originally arranged to go into the NASA Ames wind tunnel through an informal non-paying
agreement, possibly squeezing in for a short duration between other large-scale tests by paying customers.
In that scenario, NREL would have provided all test apparatus and labor and conducted the tests in a
similar fashion to those at the NWTC field test site.  This meant that we would use our existing pressure
measurement, structural instrumentation, and flow visualization systems, and would not require
significant assistance or resources from NASA Ames staff.  On August 14, 1998, this scenario changed to
an official test date (originally October 18, 1999, now early 2000).  In addition, we will be paying
($254,000) for a three-week test slot.  The main advantage is that, in addition to our existing measurement
capabilities, this also buys us the assistance and expertise of the NASA Ames staff to enhance the
resulting test information.  We are now attempting to re-calibrate our thinking and change the test plans to
take advantage of this assistance.  We are learning about the many various capabilities available to us at
NASA Ames, especially in the areas of flow visualization, that can be used to provide information far
beyond our field capabilities.  This is fortunate because there was a strong sentiment at the Science Panel
Meeting that, for example, transition location and wake characterization measurements need to be
additionally undertaken during the wind tunnel test.  We continue to work closely with NASA Ames to
provide a means to supply these types of data during the wind tunnel test.

6. Agenda

A preliminary meeting agenda was included with the meeting invitation information that was e-mailed to
all potential participants.  To keep the meeting objectives focused on the science issues described in
Section 3, presenters were selected based on their work in the area of developing and using engineering
methods to simulate wind turbine dynamic stall and 3-D effects.  The meeting was also open to anyone
interested in wind turbine unsteady aerodynamics wind tunnel testing.  The final agenda was prepared
after consulting with confirmed attendees about presentation topics; it is shown in Appendix A.  The
meeting followed the agenda closely until the final session, �Session 6 Conclusion and Wrap-up�.  The
group discussion during this session went on until 5:30 p.m., and many attendees had to leave prior to this
time.  Consequently, there was never an opportunity for attendees to provide summary comments.  We
solicited comments from attendees after the meeting, and they are summarized in Section 10.

7. Presentations

There were five sessions of presentations during the course of the two-day meeting.  Session 1 provided
an overview of the basic science issues of wind turbine aerodynamics, International Electrotechnical
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Commission (IEC) design requirements and procedures for wind turbines, and turbulent wind inflow
characteristics.  These presentations are found in Appendices C, D, and E.

Session 2 presented an overview of wind turbine aerodynamics engineering methods as used by U.S. and
European wind-turbine designers and modelers.  In this session, various methods used to estimate wind
turbine aerodynamic responses for engineering purposes (e.g. for inclusion into full-turbine structural
dynamics models) were identified and briefly described.  In addition to including models that account for
the effects of dynamic stall, these methods also typically incorporate models of 3-D responses (e.g.
delayed stall and tip loss effects).  Presenters summarized method objectives, including, for example, who
developed the method, what models are included in it, how it was tuned and validated, and modifications
made to fix problems and improve performance.  These presentations are found in Appendices F and G.

Session 3 provided a forum for users of the Beddoes-Leishman and other similar models to focus on
issues specific to semi-empirical dynamic-stall models.  The session began with a presentation by
G. Leishman, who described the original model development and intent.  Model users then described the
use of their methods that incorporated models of both dynamic stall and 3-D effects.  Each presenter was
asked to present the following: 1) a brief description of modeling needs and efforts, including typical
applications; 2) identification of model shortcomings, perceived limitations, and problems encountered;
3) a summary chart depicting model strengths and weaknesses; 4) a summary of needed improvements;
and 5) specific information that the NREL wind tunnel test could provide to enable better model
utilization and/or validation.  These presentations are found in Appendices H through M.

Session 4 was similar to Session 3 except the emphasis was on 3-D effects and CFD modeling.  These
presentations are found in Appendices N through R.

Session 5 included a test site tour and described the NREL turbine experimental facility, reviewed the
turbine systems, described planned test activities, discussed data processing methods, and introduced
wind tunnel test logistic plans.  A strawman of the initial test matrix and summary of research issues to be
addressed was also presented.  These presentations are found in Appendices S, T, and U.

8. Minutes of the Group Discussion
These minutes summarize group discussions held during Session 6.

Parked-Blade Test

• This part of the test is designed to ascertain 3-D effects when the rotor is parked with the blade
vertical.  This will help identify issues regarding the five-hole probes in the flow field in relation
to the blade.  This will also help us define an upwash correction for the five-hole probes similar to
that derived from the flag 2-D wind tunnel test.

• McCroskey suggested that the probes are possibly not measuring what we think they are
measuring.  Panel code methods could be used to estimate the induced velocity.

• Bjorck commented that the parked blade pitch oscillations should mimic those used during the
OSU 2-D wind tunnel test in order to validate models currently based on this data.

• Hansen suggested that the pitch angles vary from ±180 degrees and that the amplitude of
oscillation be reduced from that proposed.

• Rasmussen suggested that the mean pitch and oscillation amplitudes used during a parked-rotor
test be duplicated in the rotating environment.  There was discussion as to synchronizing the
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oscillation with rotational speed.  If the oscillation frequency is not synchronized with the
rotational frequency, the average induction over the rotor would be affected.

• Larwood commented that the parked-blade test should include maximum blade loads for a pitch
angle of 90 degrees to simulate parked-rotor maximum-load conditions under high wind speeds.

• The panel suggested that prioritizing the test was very important.  Parked-rotor conditions should
probably be run last because the most valuable aspect of the test is the opportunity to collect
rotating data in the wind tunnel.

• Hansen suggested that very slow pitch rates would permit determining Cl max.

Rotating Blade Test

• Because all of the tests include both clean and tufted blades, the panel suggested that several
points be selected to insure reproducibility of the measurements.  The oil test should be used to
determine transition locations on the blades.

• Participants suggested that finer resolution in wind speed should be obtained in regions where
stall begins, such as around 30 degrees.

• Snel suggested that tip-speed ratios higher than eight (which is the maximum currently planned)
would be desirable.

• Participants raised questions about the flow quality of the tunnel at low wind speeds.  The option
of variable-speed operation was proposed.  Sonic anemometers will be used to measure the tunnel
speed instead of the tunnel instrumentation.  Because of the potential of horizontal wind shear in
the tunnel, two sonics will probably be required.  Based on graphs shown by Kufeld, a ±5%
dynamic pressure fluctuation is expected due to the outside conditions.  These conditions will be
monitored carefully, and the experiment will probably be run on either the second or third shift to
alleviate these problems.

• Holley suggested that the pitch angle corresponding to maximum power production be included
in the test matrix.  Currently, the chosen pitch angle for maximum gross annual energy
production is three degrees.

• Holley also suggested a step change in pitch angle.  This should be done under rotating
conditions.  The issue of synchronizing with the rotor speed was raised again, but was not
completely resolved.

• A coning angle variation was suggested by Rasmussen.  However, the discussion that followed
suggested this could be the addition of another parameter that complicates the entire test.

• Buhl asked if the priority was to compare with field data or with CFD simulations.  There is an
interest in validating current engineering models through comparison with field data as well as
using CFD.

• Participants raised the issue of delineating between pitch and plunge motion.  Independent blade
motion could cause interference with the wake.  Hansen suggested that allowing the rotor to teeter
at a 30-degree yaw angle would naturally create the plunge motion.  Simms pointed out that
design loads under these conditions cause concern.  The panel determined that the flapping rotor
option is not as important as the teeter option.

• As suggested, some of the rigid cases will be duplicated with the teeter degree-of-freedom (DOF).
• McCrosky suggested that a controlled flow disturbance upwind might provide valuable insight.

A fixed-wing tip would produce a longitudinal vortex that could be directed to a known location
on the rotor.  Smoke released from the wing tip would provide flow visualization of the vortex
contacting the rotor.  NASA expertise could be used to implement the smoke and wing tip portion
of the experiment.

• Hansen did not believe that the simple disturbance was of interest because of the complex
disturbances found in the field environment.  The tower shadow itself is an interesting
disturbance.  Berg believed that this sort of simple, quantifiable disturbance would be of great
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help in validating models.  Carr emphasized that this type of information would be invaluable to
CFD modelers.  Even if there was no current capability to model this, the next generation of CFD
models most likely would have this capability.  Both McCroskey and Carr commented that in the
helicopter field, this type of experiment has proven desirable.

• Holley suggested that a jet disturbance normal to the rotor plane would be more interesting.  A
comparison with engineering models should be made immediately after the experiment for
validation.  Galbraith suggested that yawing the turbine in some sort of disturbance field would
create an oblique path between the disturbance and the rotor.  Rasmussen commented that, with
and without the disturbance, the operation would provide the opportunity to examine
superposition issues.  Robinson confirmed that Duque would need a coherent vorticity impinging
on the rotor for future CFD model validation.

• The issue of flow visualization of the wake as well as the blade surface was raised.  Galbraith
presented some of his work regarding another wind tunnel experiment that used a scale model of
a wind turbine.  To quantify tunnel wall effects, a prescribed wake method was used with the wall
constrictions.  It is possible that the wake and wall effects could be quantified using this type of
prescribed wake model in conjunction with flow visualization in the form of smoke released from
the blade tips.  Only the tip vortices would be required.  Marks on the tunnel wall could be used
to provide dimensions, and the smoke release would be video taped.  The wake expansion issue
could be resolved in this manner.

• To focus the discussion, McCroskey suggested that each participant state what would be the
single most important data point for their purposes.  Hansen would like a teetered rotor at
30 degrees yaw and a wind speed that would produce maximum power, and Bjorck agreed.  Snel
requested operation in stall, low tip-speed ratio, and yawed conditions such that cyclic stall would
occur.  Rasmussen preferred zero yaw with dynamic stall due to cyclic flap motion.  Robinson
envisioned stall oscillation caused by yaw and by pitch.

• The list of suggestions that had been compiled throughout the meeting was presented.  Those
suggestions that could be met with the strawman matrix were checked.  Those not checked were
then discussed in the order in which they appeared on the list.

• Hansen�s suggestion for multiple rotational speeds in order to broaden the K and Re range was
discussed first.  Cyclic AOA due to yaw errors at the same radius and different frequencies would
be required.  The suggestion received a low priority.

• Participants proposed conducting dynamic inflow tests that consist of abrupt pitch change over
ranges of pitch angles and tip-speed ratios.  Holley reiterated his support of this type of test.
Robinson also indicated high priority for this test.  Rawlinson-Smith, however, pointed out that
during the Joule Dynamic Inflow studies, pitch variation caused little change in the inflow.  Only
high tip-speed ratio indicated a significant effect due to pitch variation.  Robinson indicated that
this type of known disturbance would be necessary to test models and control designs.  Hansen
suggested that abrupt pitch changes could be used to simulate emergency shutdown procedures.

• Another proposed test was tip-loss load differences between two- and three-bladed machines.
However, the time required to change the rotor is completely impractical for the three-week
duration of the test.  Because three-bladed rotors are more commonly used in the industry, Holley
and Wetzel suggested that this type of rotor would be most beneficial.  However, Hansen strongly
supported the teetered rotor, and Robinson indicated the political issues behind the use of the two-
bladed rotor.  He pointed out that the science issues would not differ significantly between the
two rotors.  The suggestion received a low priority rating.

• Boundary layer alterations resulting from vortex generators had been proposed by Snel.  Again,
the time constraint issue was raised.  Issues regarding the necessary mixing as a result of the size
of the disturbance were discussed.  Kelley suggested that the conclusion reached by NASA
during the MOD-2 tests should be reviewed.  Panel members gave it a low priority rating.
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• Periodic pitch motions had been included in the strawman matrix, but the panel discussed
periodic plunge motions.  Teeter may be used to create plunge motion by constraining the rotor,
inducing high yaw angles, and releasing the rotor.  Leishman indicated that the differences
between pitch and plunge motions are very subtle effects and are difficult to measure in a 2-D
environment.  Holley suggested that plunge motion would be required to compare with pitch
motion in order to delineate between the two types of motion.  The consensus was that pitch
motions are high priority and plunge motions are lower priority.

• In discussing wake measurements, McCroskey and Carr pointed out that the helicopter industry
has expended tremendous resources to obtain wake information from several tests.  Currently, an
expensive test is being repeated for this purpose alone.  Leishman also endorsed some type of
wake measurement.  The wake information would be required to validate models.  The panel�s
consensus was that this type of information would almost certainly be desired at some point after
the test.

• The panel again stressed the importance of wake measurements, as well as the difficulty of
obtaining those measurements.  NASA Ames expertise could be used to obtain these
measurements; however, sophisticated measurements are unrealistic.

• Earlier, Holley suggested measurement of all six net forces and moments.  When the yaw brake is
applied, the yaw moment is measured using strain gages.  Blade root flap and edge bending
moments measure thrust and sideways moments.  The thrust force can be inferred from the
pressure measurement.  The thrust and sideways moments can be measured with the
instrumentation below the turntable in the wind tunnel.  The panel assigned this suggestion a
medium priority.

• The panel had another discussion about the issue of varied tip-speed ratios and the questionable
nature of the tunnel inflow for low wind speeds.  It reiterated the need to measure the inflow and
observed that the dynamic pressure measurements on the blade would alleviate some of these
concerns.

• In the area of tunnel wall effects and wake expansion, the panel suggested reviewing the
Aeronautical Research Institute of Sweden (FFA) experience in the Chinese wind tunnel.

• The use of tip plates would be fairly easy to implement.  Fingersh requested specific information
for the type plate to be used.  This test would assist in quantifying tip loss.  However, the
resolution of pressure measurements at the tip cannot be improved due to time constraints.  Thus
this test was given low priority.

• Whale suggested improving the resolution of pressure measurements inboard, but it was deemed
impractical due to time constraints.  However, during the parked-blade test, the intermediate taps
inboard may be used to infer angles of attack.

• To accurately model the blades with CFD, participants suggested profiling the blade.  An
acceptable tolerance will be provided by Duque, and NREL will complete this task.  It could
possibly be delayed until after the test due to timing issues.

Tower Wake Characterization

• At zero degree yaw error, the blade cuts through the wake of the tower.  At small yaw angles
(5-10 degrees), the blade cuts through the wake obliquely.  The current instrumentation could be
used to characterize the tower wake.  An additional option would be to park the blade in the tower
wake or slowly rotate the turbine through the wake to provide better resolution.  However, the
tower wake alone is important.  The elimination of the tower-blade interaction would be helpful
for CFD analysis.  Snel suggested that a pressure ring around the tower could be added.

• Because the Reynolds number is in the transition region, the panel suggested that the boundary
layer be tripped.  However, this creates a situation that has not been duplicated in the field, and it
is not certain that the boundary layer will behave as expected.  Also, if the turbine yaws, the
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roughness would need to be attached to the entire circumference of the tower.  The panel decided
to attach roughness to fix transition as well as to test without roughness.

• In order to address acoustic concerns, Robinson would like to correlate the wind tunnel
experiment with the field data.  Thus, the tower should resemble the field tower as closely as
possible.  The coupling between the blade passing and the Strouhal number must be examined.

• The panel discussed placing the tower alone in a different tunnel with a rake to measure the wake.
Again, flow visualization using smoke could help identify the wake structure.

• It would be helpful to distinguish between organized vorticity shed from the tower and blade
passage through the velocity deficit in order to tune dynamic stall models.

• The pressure ring would pick up pulses in front of the tower that result from vortex shedding off
the back of the tower.

• Some measurement of the tower wake conditions would permit sorting of the test data on various
wake conditions.

• Will the tower vortex shedding in the wind tunnel differ with the field conditions?

Random Discussion

• The panel determined that that blade transition must be fixed in order to validate current CFD
models, but in the future, fixed transition may not be necessary.  Timmer suggested that placing a
trip around 5% chord would cause transition within a couple of percent.  The matrix should be
studied to determine which sets of data would use the trip.  It would be helpful to see what the
trip does in conjunction with the tufts.  The tufts could ascertain that the boundary layer is
sufficiently tripped.  Most of the wind tunnel test should be done with clean blades.  Then a
subset of tests could be run with fixed transition.  The oil flow visualization experiment could
also validate that the trip is working properly if it is done for both fixed and clean blades.

• The panel decided that varying the coning angle was relatively easy to implement.  Rasmussen
indicated that only two angles (3 degrees and 10 degrees) would be sufficient.  This test could be
done at the end of the experiment if time permits.  This should be done in a downwind
configuration.

• The small amplitude pitch oscillations are of higher importance than the duplication of the OSU
experiment.

• Teeter is of very high priority to Hansen.  He would very much like to see fixed yaw with a
release.

• The rotating blade experiments are of the highest priority.
• The panel agreed that simulations of the various experiments would be completed ahead of time

in order to provide a benchmark.

9. Summary of Attendee-Recommended Tests

Recommendations for various wind tunnel tests made throughout the course of the meeting sessions are
summarized in Table A.  The proposed tests (marked Y) were already planned and included in the
original NREL proposed test matrix (shown in Appendix U) and are not discussed further.  The items
marked N were discussed and prioritized by the group as documented above in Section 8.  Also shown in
the table is the relative difficulty of performing the proposed test (1=easy, 10=impossible) during the
allotted test period, taking into account NREL�s previous test experience and the existing turbine
hardware configuration.  A rating of the technical priority of the test resulting from Science Panel group
discussions of the underlying basic science rationale are shown in the next column. (high, medium, low).
NREL�s concerns and concluding responses to the recommendations are further discussed in Section 11.
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Other proposed tests listed in Table A that NREL will not undertake during this test represent a
significant deviation in what NREL is currently doing or is capable of doing.  The fact that these tests are
not included in the planned tunnel entry does not imply that they are unimportant from the perspective of
understanding rotating blade aerodynamics.  Some are certainly more important than obtaining pressure
distributions.  The concern is that we are not experienced in this area, or that we do not have sufficient
time to prepare and make such measurements.  With only a three-week tunnel test slot, we felt it would
not be wise to undertake these tests.  These are likely candidate tests for future wind tunnel experiments
after first working out measurement methodology details in the field.



12

Table A � Science Panel Recommended Tests
# Recommended Turbine Test Condition In

Original
Matrix?

Test
Diffi-
culty

Science
Panel

Priority

In New
Test

Matrix?
a Steady state operation over yaw angles 0 through ±180

degrees over the maximum possible range of wind speeds and
pitch angles

Y 1 H Y

b Operate at multiple RPM�s to broaden K and Re range N 4 L Y
c Dynamic inflow tests where abrupt pitch angle changes are

made over a wide range of mean pitch angles and tip speed
ratios

N 2 H Y

d Yaw releases made over a wide range of wind velocities Y 1 H Y
e Tests to determine tip loss and loading for two- and three-

bladed rotors
N 9 L N

f Fast cyclic periodic pitching on a rotating and non-rotating hub Y 1 H Y
g Boundary layer alterations such as vortex generators

(VGs), stall strips, and transition trips
N 5 M Y*

h Periodic plunge motions N 8 L N
i Rotor wake flow visualization (qualitative), including

measuring rotor wake skew angle
N 6 H Y

j Rotor wake field measurements, hotwire, Laser Doppler
Velocimetry (LDV) etc. (quantitative) including measuring
induced velocity in the wake, and taking measurements at
high and low tip-speed ratios

N 9 L N

k Measure all six net forces and moments on turbine rotor N 10 M N
l Quantify effects of tunnel walls on wake angle and

expansion
N 5 H P

m Steady state power curves for two pitch angles and clean
blades

Y 1 H Y

n Blade tip and root pressure distributions Y 1 H Y
o Pressure distributions with tip plates N 3 L Y
p Improve span-wise resolution between 25%�50% span N 10 L N
q Controlled environment over a greater range of local flow

angles
Y 1 H Y

r Characterize inflow velocity and angularity distributions Y 2 H Y
s Wake profiles to characterize tower flow characteristics N 9 H N
t Fix separation to characterize tower flow characteristics N 9 H N
u Blade transition; fixed vs. free N 7 H Y
v Different coning angles N 3 L Y
w Duplicate OSU 2-D oscillating conditions N 2 H Y
x Small amplitude oscillating conditions N 2 H Y
y Higher resolution around stalled conditions (parked rotor) N 2 H Y
z Higher resolution around max Cp N 2 H Y
aa Teetering rotor data Y 1 H Y
bb Flapping rotor data N 8 L N
cc Prescribed disturbance through rotor plane N 8 L N
*Transition strip tests only

The final determination of where the proposed test fits into the test plan is shown in the last column.  This
reflects NREL�s conclusions, taking into consideration the Science Panel priority and weighing it against
the difficulty of performing the test within the available time.  NREL will schedule and attempt to
conduct all tests marked �Y� in the �New Test Matrix� column.  Items marked �N� will not be attempted
during the initial three-week tunnel test, but are candidates for consideration in a possible follow-on
tunnel entry at a later time.  Some items are not actual test conditions, but rather are issues that should be
resolved prior to the test or incorporated into test planning.  These items are labeled P and are discussed
below.  The new proposed test matrix is shown and discussed in detail in Section 12.
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10. Summary of Attendee Comments

We asked all attendees to submit comments after the meeting summarizing their concerns and
recommendations.  Additional issues from the comments that were not discussed during the meeting are
summarized in Table B.  Many additional important issues were raised; these issues are addressed in
Section 11.  The relative difficulty is also included.  As in Table A, the resulting test matrix priority, as
determined by NREL, is included in the last column.  Some of these are not actual test conditions, but
rather are issues that should be considered prior to the test or incorporated into test planning.  These items
are labeled P and are discussed below.

Table B � Science Panel Post-Meeting Test Issues and Further Recommendations

# Issue Difficulty
In New

Test
Matrix?

dd Leading-edge grit roughness tests 8 N
ee Determine how tunnel turbulence spectra compare with those found in the

atmospheric boundary layer at desired test velocities
5 P

ff Determine how mean and distribution of the instantaneous Reynolds stresses
vary over the desired test wind speed range

5 P

gg Determine if there are any spectral peaks in the tunnel flow with an equivalent
space scale similar to the airfoil dimensions of the turbine rotor blades

5 P

hh Quantify tunnel horizontal shear at low velocity 5 P
ii Profile the blades 6 P
jj Run high priority tests first 5 P
kk Minimize configuration changes during testing � do in off hours 2 P
ll Have additional tests ready in case things go well 2 P
mm Plan for failures � spares, alternative equipment, etc. 2 P
nn Overlap in test matrix 2 P

11. NREL Response to Concerns and Issues Raised

As expected, the Science Panel Meeting raised more issues and concerns than were solved.  This section
summarizes NREL�s response to all recommended tests (from Table A) and follow-up Science Panel
member concerns (from Table B).  NREL evaluated these recommendations and concerns, taking into
account the Science Panel priority and experiment configuration, and rebuilt the test matrix as shown in
Section 12 below.

Two- vs. Three-Bladed Rotor (Table A, Item e)

The most significant concern is more political than scientific and is related to whether we should test a
two-bladed or three-bladed rotor, or both.  This stems from the fact that the NREL Wind Program�s Next
Generation Turbine Development Program is supporting both two- and three-bladed industry concepts.
From a science perspective, the basic underlying physical aerodynamic responses are the same, regardless
of the number of blades.  Because this test focuses on providing data to better understand and quantify the
basic science issues, we hope that critics realize that aerodynamics are aerodynamics; the politics of two-
vs. three-bladed rotors does not matter here.  This is not to say that these rotors behave the same.  They
certainly do not, and we are well aware there are many factors that affect this (e.g., rotor solidity and
previous-blade shed wake interference).  We have spent many years testing both types of rotors on the
Unsteady Aerodynamics turbine in the field.  We suspect that even if we did run both types of rotors in
the wind tunnel, the scale and specific configuration differences between the test turbine and industry-
scale turbines would raise additional concerns.  Ideally, we hope to develop a good enough understanding
of the basic 3-D aerodynamic responses so we can accurately simulate the performance of rotors, even in
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stall, with any numbers of blades and any size of rotor.  Therefore, we are currently planning to go into
the tunnel with our existing versatile two-bladed rotor, and run in the teetered and rigid rotor
configurations, both upwind and downwind.  This rotor also gives us the capability to zero the pre-cone
angle to better facilitate upwind and downwind operation.  To switch to a three-bladed rotor is a difficult
task that would probably take a week of valuable (and expensive) tunnel time.  Based on the resulting
data and conclusions of subsequent analyses from the two-bladed tests, we will then ascertain if three-
bladed tests are needed.  If so, we will schedule a follow-on wind tunnel test at a later date dedicated
exclusively to using a three-bladed rotor and subjecting it to the full range of testing.  This will also give
us time to build up a new three-bladed rotor.  The existing three-bladed rotor needs to be retrofitted with
independent-blade-pitch actuators to replace the old collective-pitch system, which is problematic in
maintaining accurate pitch settings.  We would also like a potentially new three-bladed rotor to be
versatile in setting the pre-cone angle.  The current fixed 3.5° downwind pre-cone might cause some load
and stability problems in an upwind test configuration.

Rotor-Wake Characterization (Table A, Items i and j)

The Science Panel felt strongly about the need to try characterizing the rotor wake.  The purpose is to
enable validation of wake models.  Participants discussed a variety of wake-characterization measurement
methods.  We are working closely with NASA Ames to ascertain what types of blade-wake
characterization tests are appropriate for the wind tunnel test.  The most difficult methods are quantitative
tests (e.g., hotwire or LDV) used to measure three components of rotor wake or induced velocity.  Due to
the difficult and widely varying nature of field-based test conditions, NREL has not made a significant
effort to develop the capability to make this type of measurement.  We are, therefore, relying on NASA
Ames� expertise in this area.  With only a three-week tunnel slot, NASA indicates that LDV and 3-D
hotwire quantitative tests are probably not feasible because of the relative difficulty and length of time
needed to obtain quality data sets.

Qualitative flow-visualization measurements (blade-tip smoke generators recorded on video, or smoke
clouds and laser sheets) are simpler and more practical to conduct.  NREL has used smoke generators in
the past, mounted at different places on the rotating blade, to provide a basic idea of the wake nature.  The
generators and mounting brackets typically used were large and bulky and obviously altered the flow.
We have recorded smoke-wake trace images with video cameras, but have not made an effort to measure
or accurately track the wake location in the field.  We have learned that this technique works well when
the flow is attached, enabling visualization of tip vortex for more than three rotor cycles downwind.
However, when the outboard blade section stalls, the tip-wake smoke disperses quickly�in less than a
single rotor cycle.  We are working with NASA Ames to explore the use of multiple tunnel-wall-mounted
video cameras to track tip vortex wakes.  We have field-tested smoke generators embedded into a
modified tip piece that introduces smoke into the tip vortex.  The smoke generator typically lasts for
several minutes and visualization of the propagation of the tip vortex is excellent.  We, therefore, plan to
�calibrate� the video camera images so that wake location is known.  NASA Ames also has experience in
using smoke introduced upwind and laser sheets to locate and track tip vortices.  We are continuing to
evaluate this and other various potential qualitative methods for additional possible wind tunnel use.

Tower-Wake Characterization (Table A, Items s and t)

As with rotor-wake characterization, precise quantification of tower-wake characterization is also
difficult.  It would be useful to know the dynamic nature of the tower wake so that the tower-wake/blade
interaction (e.g., shed tower vortices passing through the rotor plane) could be better characterized.
However, the short duration of available tunnel time makes a detailed attempt to undertake this task
unlikely.  The panel proposed undertaking a detailed characterization of the tower wake as a separate task
in a different wind tunnel.  Currently, Mike Graham, of the Imperial College of London, is conducting an
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experimental investigation of blade/wake interactions.  These results may provide the basis for future
investigations.  During the NASA Ames test, we are planning one series of wind tunnel tests to attempt a
basic tower-wake characterization.  The downwind instrumented blade will be pointed into the wind
(feathered) and slowly rotated through the tower wake.  Planned tests are further described in the wind
tunnel test series called �Tower-Wake Measurements,� as described in Section 12.

Flow Quality at Low Tunnel Velocity (Table B, Item hh)

NASA Ames has indicated that uniform tunnel flow is unlikely to occur at lower operating velocities, and
low-velocity tunnel flow characteristics are dependent on outdoor wind conditions.  If the wind is coming
from a direction that is not aligned with the tunnel inlet, the horizontal distribution of velocity across the
tunnel test section can vary.  This horizontal wind shear is greater at lower tunnel velocities, especially
those below 35 m/s.  For example, at our minimum required tunnel velocity of 5 m/s, and maximum
outdoor wind of 5 m/s, the distortion in total pressure across the tunnel test section can exceed ±7% of the
average dynamic pressure (q).  At 15 m/s tunnel velocity and 5 m/s outdoor wind, the pressure distortion
drops to ±3% of q.  If the outdoor wind gusts to 10 m/s with the tunnel at 15 m/s, the distortion rises to
±7% of q.  Based on NASA Ames recommendations, we are planning to run our tests late at night when
lower outdoor wind-velocity conditions are more likely to occur.  During testing, we plan to monitor the
outside meteorological tower data.  In addition, we will quantify the inflow shear by using two sonic
anemometers mounted in the tunnel upwind of the turbine.  It is also possible to determine how much
shear is present at the rotor plane by monitoring rotating blade probe or stagnation pressure values while
the turbine is operating at zero yaw conditions.

Tunnel vs. Outdoor Turbulence Scales (Table B, Items ee, ff, gg)

Debates have raged within the wind community for years over the issue of atmospheric vs. wind-tunnel
turbulence-scale levels and how turbulence affects airfoil performance characterization.  This is usually
related to 2-D tests of airfoils in smaller wind tunnels.  The general conclusion has been that it is best to
conduct 2-D tests of wind turbine airfoils in low-turbulence wind tunnels to best approximate field
performance.  This seems contradictory in that one would think that there is much more turbulence in the
outdoor field environment.  The issue is instead related to the characteristic scale, rather than the amount
or quantity, of the turbulence.  Characteristic scales of turbulence generated in small wind tunnels can be
on the order of the size of the airfoil dimensions and can certainly affect airfoil performance.  Scales
found in naturally occurring planetary boundary layer turbulence are typically much larger�on the order
of the size of the rotor or larger�with little energy at the characteristic scale of the blade chord.  There
are some concerns about the scale of turbulence found in the NASA Ames tunnel and how it affects
airfoil performance.  NREL will be recording the data from two sonic anemometers upwind of the turbine
in the tunnel.  These data can be used to characterize the nature of tunnel turbulence, and will allow a
comparison with previously collected outdoor field-test data.  Further investigation of this is an ideal
topic for a potential research partner.

Operate at Higher RPM (Table A, Item b)

To date, most field testing is conducted with the turbine operating at a fixed 72 RPM.  This is because the
turbine generator and gearbox provide grid-synchronous operation at 72 RPM.  In conjunction with Phase
IV field testing, NREL incorporated a variable-speed power electronics system into the experiment
configuration to enable the turbine to be operated at speeds other than synchronous 72 RPM.  The turbine
can be operated with or without the power electronics system invoked.  Without power electronics, the
original synchronous 72 RPM is attained.  Based on code simulations, we can safely operate at speeds up
to 110 RPM.  We have not conducted a significant amount of higher-RPM field testing for various
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reasons.  First, the rotor speed is usually kept at a constant 72 RPM to facilitate data comparison with
results obtained from earlier phases of testing.  Second, because operating the variable-speed power
system generates significant electrical noise, we were concerned about the effects on measured
parameters.  Third, we are uneasy with running at a higher RPM than necessary due to vibration or
centrifugal loads on extensive sensitive rotating instrumentation.

Seventy-two RPM corresponds to a tip velocity of 38 m/s and, at a minimal tunnel speed of
approximately 5 m/s, this means the highest attainable tip speed ratio (TSR) is less than 8.  This is low for
a typical wind turbine, especially a two-bladed machine.  At 90 RPM, a TSR in excess of 9 is attained,
which is more representative of industry turbines.  We certainly understand the need to run at higher
RPMs during the tunnel testing to broaden the range of TSR, Re, and K data obtained.  These tests will be
somewhat limited because of the potential for producing greater power than the turbine generator and
rotor system can handle.

Therefore, we are planning to conduct more field tests during the upcoming wind season, utilizing the
variable-speed-power electronics system to run at other RPMs.  This will enable us to further determine if
variable-speed-electronics-induced noise is a problem, or if any of the rotating electronics systems are
adversely affected.  It will also help us quantify other potential mechanical problems, such as vibrations
and loads on the machine and instrumentation at certain rotor speeds.  We will then decide what
conditions can be run in the wind tunnel.

Pitching Motions (Table A, Items c, w and x)

We revised the test matrix to include various additional series of pitching-motion tests.  These tests are
very simple to conduct due to the controllable turbine-pitch system.  Tests were added that duplicate the
pitching motion undertaken in the OSU oscillating S809 2-D airfoil tests.  Smaller amplitude pitch
variations were also added.

Plunging Motions (Table A, Item h)

The panel discussed various means of achieving plunging-motion data.  Blade plunging motion results
from teeter excursion during yawed teetered-rotor testing.  Although difficult to control, the teetered-rotor
tests should produce some type of sinusoidal plunging motion at 1 P (1.2 Hz) over an approximate 1 m
out-of-plane tip-displacement distance.  Another method would be to utilize the turbine rotor�s differential
blade pitch capability.  The instrumented blade can be kept at a constant pitch angle while the other blade
is varied in pitch to achieve teeter motion.  This method might be able to produce more controlled
motions at higher frequencies.  Because blade teeter position is accurately monitored, the exact
displacement distance is quantifiable.  We plan to run some more extreme off-yaw teeter cases and single-
blade pitching during field testing to better determine what types of plunging motions can be generated.
The panel also discussed a technique for holding the blade in position with a cable and quick-releasing it
to produce a quick plunging motion.  We don�t know how quickly the motion will damp out, and model
simulations will be conducted to better estimate the resulting motion.

Boundary Layer Alterations (Table A, Items g and u)

Quantification of the effects of various boundary-layer alteration devices (VGs, stall strips, transition
trips) were recommended, but not significantly discussed during the meeting.  This is probably because
extensive boundary-layer manipulator tests were undertaken previously by the NASA wind program and,
more recently, by various subcontractors.  This issue, due to time constraints, was not given a fair
discussion at the meeting.  I am including here some post-meeting comments from Herman Snel of The



17

Netherlands Energy Research Foundation (ECN), which better clarify the reason we are considering these
types of tests:

�Experiments with boundary layer manipulators were not well received at the meeting.
Perhaps I didn�t explain why they are used on most of the modern stall blades.  In fact, at the
root, thick profiles are used (to reduce weight and costs) that have a small alfa interval
between the design alfa and the maximum cl alfa.  Changes of alfa with wind speed are
much larger in the root region than in the tip region.  As a result, the root may stall at too
low wind speeds, unless stall is delayed with vortex generators.  At the tip (thinner airfoils),
the stall alfa may be too high in general, so that blade loading and power may overshoot.
For that reason, stall strips are used in the tip region to ensure stall at a low enough alfa.
The use of stall strips in the tip region also removes part of the fluctuations due to oscillation
of the stall point, in time, and gives a more quiet behavior.  However, there is no structured
knowledge about the effect of bl manipulators in the rotating environment.  The installation
and removal of vortex generators (pasted on strips) and of stall strips is quite easy and
quick, but of course does need a crane or something like that to reach the blades.  I have
made my point, you think about it and decide, it is your experiment.�

To properly address this issue, we need to conduct further research to understand the rationale behind
previous boundary-layer manipulator tests, especially with regard to stall-controlled rotors, and design an
appropriate test series.  Again, this is an ideal topic for a potential research partner to undertake.  Because
of lost time from the turbine failure, it will not be possible to complete the assessment and design a
comprehensive test plan for the upcoming tunnel test.  Instead, a limited test series will be conducted
utilizing zig-zag tape to force transition.  We will consider more detailed testing for future tests, or
possibly with other collaborative research partners.  The main objective of the planned limited boundary-
layer manipulator testing during the upcoming wind tunnel entry is to provide aerodynamic data for CFD
modelers with a known air-foil transition location.  The University of California�Davis Campus (UC
Davis) is conducting 2-D wind tunnel experiments with an S809 airfoil model and will recommend a trip
strip configuration best suited to force transition.  These strips will be applied to the instrumented blade
during the wind tunnel test series called �Transition Fixed,� as described in Section 12.

Measure Six Net Forces on Turbine Rotor (Table A, Item k)

The Science Panel recommended measuring the six net forces on the rotor.  We currently measure low-
speed shaft bending on two axes (parallel and perpendicular to the instrumented blade) and low-speed
shaft torque.  We do not measure thrust or other forces on the shaft.  We evaluated the feasibility of
making direct low-speed shaft thrust measurements in the past, but the turbine mechanical-shaft-mounting
configuration makes this difficult.  As with measuring thrust, it is also prohibitively difficult to measure
shaft X and Y forces due to the shaft-mounting configuration.  We compared time-averaged measured
torque measurements with torque estimated from the integrated-blade aerodynamic forces, and saw
excellent agreement.  From this, we can assume that thrust estimated from the aerodynamic forces is
probably reasonable.

To ascertain rotor forces, we can potentially utilize the force balance system available in the NASA Ames
tunnel.  It will provide a measurement of the six net forces at the base of the tower.  With the existing
shaft-bending moment and torque measurements, and the additional tunnel force balance data, it should
be possible to ascertain the remaining rotor forces and compare thrust with that estimated from the
aerodynamic rotor loads.  However, the tunnel force balance system will only provide time-averaged
loads.  The extensive system linkage (and turbine structural responses) prevents quantification of dynamic
rotor loading.  We are working with NASA Ames to determine if the anticipated turbine loads are within
the force balance system�s measurement range.
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Quantify Effects of Tunnel Walls (Table A, Item l)

The impact of the turbine wake interacting with the tunnel wall is one of our ongoing concerns about
obtaining useful data in the wind tunnel that is comparable to outdoor unconstrained flow.  This issue was
reiterated by the Science Panel and obviously needs further serious consideration.  We did not attempt to
quantify how significant this effect might be, especially on the yawed flow data.  The worst case would be
that any potential yaw data would be unusable.  Our initial plan is to ask the CFD and prescribed-wake
modelers to simulate turbine operation in both the enclosed tunnel and in the free-stream, at a few yaw
angles.  Collaborative partners in this effort are Frank Coton and Roddy Galbraith, at the University of
Glasgow, and Earl Duque at NASA Ames.  The differences between tunnel and free-stream model
performance might provide some insight into the effect.  It might then make sense to initially run the
same yawed cases in the wind tunnel and compare measured performance with that estimated from the
model.  If the results are similar, then the guidance provided from the models at yawed flow would then
dictate appropriate configurations to run in the wind tunnel.  If there are significant differences, it might
not be worthwhile to run extensive yawed flow conditions during the test.

Pressure Distribution with Tip Plates (Table A, Item o)

Some industry turbine designs use deployable aerodynamic tip brakes.  These are essentially plates that
are hinged to the tips and are held in place by electromagnets.  They are deployed during over-speed
conditions to slow the rotor by drag.  It would be useful to obtain data to quantify how the undeployed
plate affects the aerodynamic performance of the blade, especially the tip loss.  This is needed to better
model the performance of such turbines.  It is relatively easy to change out the tip piece on the Unsteady
Aerodynamics turbine�s instrumented blade and to replace it with a tip plate.  The existing tip piece was
designed with a high-performance, low-noise shape.  This was done by providing a smooth transition to
the tip by fairing the suction surface into the lower surface at the tip and by smoothing a semicircular
section outboard from the leading edge to the quarter chord.  We plan to run a couple of cases with both
the tip piece and tip block removed, where there is an abrupt truncated airfoil transition at the tip.

Improved Spanwise Resolution Inboard (Table A, Item p)

A participant made a request to try to get better spanwise resolution on the inboard section of the blade,
especially at locations less than 30% span.  This section is not instrumented for a couple of reasons.  First,
the blade is attached to the hub by a cylindrical aluminum section at the 10% span location.  A carbon-
fiber spar is woven around the cylindrical aluminum section.  This structural spar is thickest in the root
region and is greater in diameter than the airfoil thickness.  The structural spar transitions from circular
shape to S809 geometry in the region from 15% to 25% span.  The true S809 airfoil shape starts at
approximately 25% span.  Pressure taps were not originally installed in this region of the blade because of
both the difficulty and potential structural weakening and unspecified shape.  Second, the inboard blade
root flow visualization camera is located in the region from 15% to 25% span.  This camera is not
mounted directly to the blade, but is located approximately 30 mm above the suction surface, and
probably significantly affects flow in the region when used.

Different Coning Angles (Table A, Item v)

The coning angle on the existing two-bladed hinged rotor can easily be adjusted to operate at different
settings over the range of 18° downwind to 4° upwind (with the turbine in the downwind configuration).
To maintain operating stability and minimized blade root loading, the turbine is typically operated at 0°
coning upwind, and 3.5° downwind.  At this time, we have added one highly coned rotor test where the
blades are coned 18°downwind (with the turbine in the upwind configuration).  We may consider adding
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other intermediate coning angles, and we are conducting simulations to determine if the loads on the
structure remain within tolerance at these conditions.

Higher Data Resolution Around Stall and Max Cp (Table A, Items y and z)

Existing Unsteady Aerodynamics Experiment field test data and YawDyn code simulation results were
used to correlate turbine operating parameters (wind speed, nacelle yaw angle, blade pitch angle) with
blade aerodynamic quantities (local velocity, angle of attack, reduced frequency).  These relationships
enabled turbine-operating parameters to be discretized in a manner that attacks fundamental flow physics
issues, such as stall and maximum Cp, while also addressing questions conventionally related to turbine
operating parameters.  As a result, the test matrix described in Section 12 shows finer discretization for
turbine operating parameters in regimes that are most likely to be encountered in field operation, or in
regimes known to generate poorly understood responses.  The test matrix exhibits similar data-resolution
enhancement strategies, which will enable us to target some of the more basic fluid dynamic interactions
that are known, or suspected to be, determinants of turbine performance.

Flapping Rotor Data (Table A, Item bb)

The hinged rotor could be configured to operate with each blade independently flapping.  Flap motion
restraints would be necessary to prevent the blades from impacting flap stops too hard.  NREL designed a
flap-motion-restraint system, but has not built or tested it in operation on the turbine.  Flapping rotor tests
were proposed to support other activities within the NREL wind program.  If the turbine had not been
damaged, and had operation continued during the current wind season, flapping rotor operation would
have been tested in the field.  Flap-motion-restraint system development and flapping rotor field-testing
activities were stopped because resources were redirected to rebuilding the turbine after the boom failure
to be ready for wind tunnel testing.  Therefore, we do not plan to conduct flapping rotor tests in the wind
tunnel.

Prescribed Disturbance Through Rotor Plane (Table A, Item cc)

Participants proposed introducing some type of prescribed disturbance into the inflow upwind of the
turbine and measuring the resulting aerodynamic response through blade surface pressures.  The
discussion centered around generating a disturbance to simulate transients or perturbations similar to
those that propagate through a turbine in the field.  The difficulty lies in defining what such a disturbance
would look like and then defining a scheme to generate it.  We do not have sufficient time available to
devise and conduct a prescribed disturbance test during this initial test period.  We are, however, planning
to work with the NASA Ames staff to determine what they have used in past wind tunnel tests to generate
disturbances and what might be available for future tests.  We also plan to discuss the issue with NREL
meteorological inflow staff.  This topic will be further addressed in preparation for future tests.

Test Priority and Planning (Table B, Items jj, kk, ll, mm, nn)

All the issues surrounding these suggestions were incorporated into the revised test matrix.  The major
difficulty is in trading off minimizing test configuration changes against obtaining high priority data first.
For example, obtaining both upwind and downwind turbine operating data are high priority, but it will
probably take 2-3 days to change between these two hardware configurations.  Many high-priority tests
are planned in both the upwind and downwind configuration.  If we start out testing the turbine in the
downwind configuration, it makes sense to obtain some other downwind data prior to changing to the
upwind configuration.  It would be impractical to switch back and forth between these two configurations
(and other configurations) numerous times to follow highest priority tests because little time would be
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spent in actually conducting tests.  The resulting test matrix below tries to reach a practical balance in
minimizing down time due to configuration changes, yet still follow highest priority requirements.

Leading-Edge Grit Roughness Testing (Table B, Item dd)

The S809 airfoil was designed to be relatively insensitive to leading-edge roughness, mainly for the
purpose of maintaining turbine power production in the event of wind energy airfoil-specific field
operation problems, such as insect buildup.  This effect has been quantified by applying a standard pattern
of grit roughness to the S809 model (in 2-D wind tunnel testing).  It would also be useful to determine
what the effect is on the 3-D airfoil.  The standard roughness pattern for wind turbines was based on
examination of insect accumulation in the field, and was jointly developed by OSU and Kenetech.  The
problem is that it is extremely difficult to uniformly apply the roughness to the blade.  Typically, double-
sided sticky tape is used with a sieve to distribute grit.  It is also very difficult and time-consuming to
remove the tape after the test.  Therefore, because of time restraints, we are not currently planning to
conduct roughness measurements during this initial test.

Profiling the Blades (Table B, Item ii)

NREL plans to have both the instrumented and non-instrumented blades profiled prior to installation on
the turbine.  We will use a coordinate measuring machine (CMM) to precisely determine the three-
dimensional blade shape.  Emphasis will be on obtaining accurate chordwise profiles close to the
instrumented stations and on quantifying exact twist distribution.  The CMM measurements will be to an
accuracy level of ±0.005 inches (0.0278% of chord).

12. Revised Test Matrix
Test Plan Description

The major portion of the test plan is set up to provide data to quantify blade pressure distributions under
diverse operating conditions.  Conditions under which blade pressure distributions will be obtained are
listed.  Definition of these conditions was based on the considerable input of the Science Panel; however,
not all recommended tests could be accommodated.  Second-priority tests were deemed to be either not as
important or as more difficult than the high-priority tests, and will only be undertaken after first-priority
tests are completed.  If time runs short, second-priority tests will be eliminated.  NREL will attempt to
conduct tests from the third-priority matrix only if sufficient time remains after first- and second-priority
tests are completed.

The test plan summary (shown in Figures 1 and 2) are matrices that encapsulate test activities during the
projected three-week wind tunnel entry.  The test plan summary is spread out over the two figures
showing 30 planned test sequences (rows), with 19 columns identifying turbine configuration and time
estimates for each sequence.  Figure 1 shows columns 1�10.  Figure 2 repeats columns 1�3, and shows
the remaining columns 11�19.  Each of the 30 test sequences, corresponding to one line in the summary
test matrix, is further documented in the detailed test matrices appearing on the pages following the
summary matrix.  To facilitate cross-referencing between the summary matrix and the detailed matrices,
each of the detailed matrices is marked with the appropriate Run ID# and Test Sequence, as described
below.

The column entries provide key information for each test sequence, including turbine configuration,
instrumentation, and data acquisition, as well as prioritization and scheduling information.  Each of the
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column entries is described below in more detail.  The entry �As Conf,� which appears in several columns
of line 1, indicates that the system validation will be performed with that column parameter on the turbine
�As Configured� for tests on that day.

Run ID# Alphanumeric identification character used to tag each test sequence line in the test matrix.
Test Sequence Text descriptor for each test sequence.
Priority Indicates whether a test sequence has been assigned primary, secondary, or tertiary priority, as described

above.
Upwind/Downwind Indicates whether the turbine disk is upwind or downwind of tower.
Rigid/Teetered Indicates whether the hub is rigid, or permits teeter degree of freedom.  Teetered configuration will allow

approximately 8.5 degrees of teeter.
Cone Angle Angle between blade axis and plane orthogonal to rotor axis of rotation.  Cone angles are positive for both

upwind and downwind turbine configurations, corresponding to downstream blade tip displacement.
Yaw Angle Angle between wind tunnel centerline and wind turbine nacelle longitudinal axis.  �Locked� indicates that

yaw is locked at each of several yaw angles.  �Locked at 0� denotes that yaw is locked at zero yaw.
�Locked/Free� indicates that the test is begun with yaw locked, and the yaw lock is then released, allowing
free rotation of the nacelle.

Blade Pitch Angle between plane orthogonal to axis rotation and blade chordline at tip.  A single numeral denotes
blade pitch in degrees, for the duration of that test sequence.  �Fixed� indicates that blade pitch is stepped
through a range of discrete pitch angles.  �Slow� indicates that the blade is pitched through a range of pitch
angles at a low enough rate to closely approximate steady conditions.  �Sinusoidal� indicates that blade
pitch is varied sinusoidally with time at angular rates high enough to elicit unsteady aerodynamic
responses.  Entries for Run ID#s X and Y are approximate, and will be determined at the initiation of those
test sequences, when RPM (see below) has been chosen.

Parked/Rotating In parked configuration, the instrumented blade is fixed at 12:00 position.  Rotating configuration allows
the turbine blades to rotate about hub axis.

RPM Rotation rate of turbine disk in revolutions per minute.  Entries for Run ID#s X and Y are approximate and
will be determined at the initiation of those test sequences.  Structural resonances, power electronics, and
electronic noise interference probably will be the principal factors that constrain RPM.

Blade Pressure An �X� in this column indicates that blade surface pressure data will be acquired.
Probe Pressure An �X� in this column indicates that five-hole probes will be mounted on the blades and that inflow speed

and direction data will be acquired.  Otherwise, the probes and mounts will be removed, yielding a clean
blade.

Slow Yaw Sweeps An �X� in this column indicates that, in addition to collecting data sets at the fixed yaw-error positions
specified in the test matrix, data sets will also be obtained during which the turbine yaw drive will be used
to slowly sweep the turbine through the full range of yaw angles shown (at approximately 0.5 degree/s).

Tuft Vis. An �X� in this column indicates that tufts will be mounted on the blade suction surface, and that a video
camera will be mounted on the turbine hub to record tuft motions.

Blade Tip �Baseline� indicates that a conventional blade tip will be mounted that makes span length 5.03 m.  �Plate�
signifies that a tip-vortex modification device will be added to the baseline blade tip.  �Extended� denotes
that the baseline blade tip will be removed, and an extended blade tip will be mounted, making blade span
5.53 m.  �Visualiz� indicates that a blade tip will be mounted which is identical to the baseline tip in
external conformation, but modified internally to accommodate a smoke generating device.

1 Time Column entry exists only for priority 1 tests, and column total indicates minutes/hours required to complete
only priority 1 test sequences.

1, 2 Time Column entry exists only for priority 1 and 2 test sequences, and column total indicates minutes/hours to
complete only priority 1 and 2 test sequences.

1, 2, 3 Time Column entry exists for priority 1, 2, and 3 tests, and column total indicates minutes/hours to complete all
priority 1, 2, and 3 test sequences.

Day Indicates when during the 15 scheduled test days the test sequence will be carried out.

Overall, the test plan was formulated to address three general areas of concern.  First, turbine operation
and data acquisition needs to be validated at regular intervals to ensure the accuracy and reliability of the
data acquired.  Second, turbine operation requires characterization for diverse configurations over the
broad range of conditions likely to be encountered under field operation.  Finally, detailed measurements
are needed to understand and predict the three-dimensional, unsteady, separated flow physics associated
with the blades, inflow, and wake.  Each of these three areas is prominently represented in the test matrix
as described below.
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Test Sequence Order, Priority, and Time Required

Test sequences will be carried out in the order shown in the summary test matrices.  This order was
principally determined by time, difficulty, and the risk associated with changing between
upwind/downwind operation, changing between rigid/teetered hub, resetting cone angle, and
reconfiguring for high RPM.  Column 3 of the summary matrices contains numerals indicating the
priority of each test sequence.  If testing proceeds on schedule, all first- and second-priority tests will be
completed.  Schedule slips would require cancellation of some or all of the second-priority tests.
Conversely, if testing progresses ahead of schedule, some of the third-priority test sequences could be
completed.  Which secondary tests can be eliminated, or which tertiary tests can be added, will be
determined as testing progresses.  Factors that will determine this include, but are not limited to, which
test sequences have been completed successfully, the difficulty and risk associated with a configuration
change, and the benefit to be gained from the data that would be acquired.

Figure 2 contains estimates of the time required to complete each test sequence.  These estimates include
the time required to reset test section velocity, yaw angle, and blade pitch, and to recalibrate the pressure
measurement system and enter commands into the data acquisition system.

System Validation Testing

At the start of each test day, system operation will be validated using the �System Validation� sequence,
designated as Run ID# A in the summary test matrix.  In this sequence, the test section velocity will be set
to 15.0 m/s and the blade pitch will be set at 28.4 degrees.  These conditions were chosen to produce
moderate angles of attack and attached flow at all five instrumented span locations.  This, in turn, will
yield temporally stable instrumentation output signals that should be amenable to system fault detection
and diagnosis.  Using software routines designed to rapidly display and assess validation data, we will
make an evaluation regarding turbine and data acquisition system operation.

Aggregate Turbine Operation Testing

Most test sequences are designed to characterize turbine flow physics and structural dynamics under
conditions representative of anticipated field operation.  These field test sequences are designated with an
�(F)� following the Test Sequence name in column 2 of the test matrix.  Generally, these representative
field test sequences entail acquisition of blade surface and five-hole probe pressure data, on a 5.03 m
blade with conventional tip, at 72 RPM, for a range of test section speeds and yaw angles.

�Downwind Baseline,� �Downwind Low Pitch,� and �Downwind High Pitch� will examine downwind
operation with a teetered hub and moderate rotor coning at three typical field-test blade-pitch settings.
�Downwind High Cone� will enable the comparison of downwind baseline operation with moderately
exaggerated cone angle.  �Blade Tufts� is identical to �Downwind Baseline,� except that tufts will be
applied to the blade suction surface and a video camera will be mounted on the hub boom to record the
tuft visualization.  �Upwind Teetered� will acquire data for an upwind, teetered configuration with zero
cone angle.  �Upwind Baseline,� �Upwind Low Pitch,� and �Upwind High Pitch� will test the turbine in
the upwind configuration with rigid hub and zero cone angle, for three different blade-pitch angles.
�Upwind No Probes,� �Upwind 2 deg Pitch,� and �Upwind 4 deg pitch� will explore the upwind, rigid
hub configuration with zero cone angle, for three closely spaced blade-pitch angles.  These three test
sequences are different from the other �(F)� sequences in that the five-hole probes will be removed to
allow an aerodynamically �clean� blade, and only zero yaw conditions will be run.  Similarly, �Tip Plate�
and �Extended Blade� will also be carried out with five-hole probes removed and only zero-yaw
conditions.  �Tip Plate� will involve the addition of a tip plate (to simulate the aerodynamic effect of a
tip-mounted air brake) to the conventional blade tip, while �Extended Blade� will require adding a 0.5 m
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extension to the 5.03 m blade.  �Medium RPM� and �High RPM� will characterize turbine operation for
the upwind, rigid configuration with zero cone angle, and rotating at approximately 90 and 110 RPM,
respectively, to provide high tip-speed ratio data sets.

Specific Flow Physics Testing

The remaining test sequences are designed to explore specific flow physics phenomena in a directed
manner.  These field test sequences are designated with a �(P)� following the Test Sequence name in
column 2 of the test matrix.  During these test sequences, turbine configuration or operation may deviate
considerably from that mandated for routine operation.  In the section below, descriptions of these test
sequences are organized to best explain the rationale for performing them, and not in the order in which
these sequences are scheduled to occur during wind tunnel testing.

The sequence entitled �Step AOA, Parked� requires that the turbine be configured for upwind operation,
with rigid hub, and 0 degree cone angle.  The hub will be parked with the instrumented blade at the 12:00
position.  Then, the blade will be driven through slow-ramp and stairstep pitch-angle changes to quantify
the blade 3-D static AOA response in the absence of rotational influences.

In the sequences designated �Step AOA, Probes� and �Step AOA, No Probes,� the turbine will be rigged
to run downwind, with a rigid hub, and the cone angle will be set at 3.4 degrees.  With the hub rotating,
the blade will be driven through a broad pitch-angle range, first with the yaw locked at 0.0 degrees, and
then with the yaw locked at 30.0 degrees.  Pitch angle will be driven through both slow-ramp and stairstep
histories to thoroughly characterize blade 3-D static AOA response.  These two sequences differ only in
that the five-hole probes and mounting stalks will be used and then removed.  These two sequences will
provide quantification of 3-D blade static angle of attack response in the presence of rotational influences.
In addition, these two sequences will furnish information regarding flow disruption introduced by the
five-hole probes and mounting stalks.

The sequences designated �Sin AOA, Parked� require that the turbine be configured for upwind
operation, with rigid hub, and zero degree cone angle.  Yaw will be locked at zero, and the hub will be
parked with the instrumented blade at the 12:00 position.  Then, the blade will be driven through
sinusoidal pitch angle changes corresponding to various reduced frequencies (K), mean angles of attack
(αm), and oscillation amplitudes (αω).  K, αm, and αω values were chosen to agree with those for existing
2-D S809 dynamic data previously acquired at OSU, and to correspond with the ranges these parameters
could be expected to encounter during routine operation.  Together, these data will provide blade 3-D
unsteady aerodynamic response in the absence of rotational influences.

During the �Sin AOA, Rotating,� the turbine will be rigged in the same way as for the �Sin AOA,
Parked� sequence, except the hub will be free to rotate.  As the hub rotates, the blade will be driven
through sinusoidal pitch angle changes corresponding to various reduced frequencies (K), mean angles of
attack (αm), and oscillation amplitudes (αω).  As before, K, αm, and αω were chosen to agree with those
for existing OSU dynamic data, and to correspond with the ranges these parameters could be expected to
encounter during routine operation.  The resulting data will provide blade 3-D unsteady aerodynamic
response in the presence of rotational influences.

In the sequence entitled �Yaw Releases,� the turbine will be configured to run downwind with a rigid
hub.  Cone angle will be set at 3.4 degrees, and blade pitch angle will be set at 3.0 degrees for the duration
of the test sequence.  With the hub rotating, the turbine will be yawed to a non-zero yaw angle, and the
nacelle will be released at a predetermined hub azimuth angle.  Five of these yaw and release repetitions
will be completed for each combination of test section velocity and initial yaw angle.
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In the �Transition Fixed� sequence, the turbine will be rigged to run upwind with a rigid hub and zero
cone angle.  Pitch angle will be set at 3.0 degrees for the duration of this sequence.  Boundary layer trips
will be applied to the surface of the blade to fix the transition location.  Along with �Upwind Baseline,�
which corresponds to the free transition case, these results will comprise a family of data for validating
CFD methodologies employing transition models.

In the �Wake Flow Vis Upwind� and �Wake Flow Vis Downwind� sequences, the conventional blade tip
will be replaced with an identically shaped hollow tip designed to generate smoke and eject it into the
blade tip vortex.  Test section velocities, yaw angles, and blade pitch angles have been chosen, to the
extent possible, to maintain attached flow and constant spanwise circulation along the blade span.  As
such, the visualized tip vortex should represent a major portion of the shed vorticity.  The visualized flow
field will be recorded via two video cameras situated to maximize angular separation between the two
viewing axes, thus facilitating subsequent photogrammetric analysis.

For the �Dynamic Inflow� sequence, the turbine will be operating in the upwind, rigid hub configuration,
with zero cone angle, and yaw angle locked at zero.  The blades will be pitched between the initial and
final blade-pitch angles at the maximum rate allowed by the pitch-drive system.  Blade pitching will be
preceded by a delay to allow the flow to settle prior to the pitch event.  Similarly, after pitching, the pitch
angle will be held to allow the flow to reach equilibrium.  This delay-pitch-hold sequence will be repeated
40 times in each direction for each test section velocity.  Dynamic inflow variation will be characterized
using the five-hole probes mounted ahead of the blade leading edge at five span stations.

The �Tower Wake Measure� sequence will be carried out with the turbine in downwind configuration,
rigid hub, 3.4 degree cone angle, and locked at zero yaw.  Three test section velocities will be employed,
corresponding to the subcritical, transitional, and supercritical Reynolds number regimes for the circular
cross-section tower.  The wake will be characterized by yawing the nacelle or rotating the instrumented
blade slowly through the tower wake, with the blade pitch angle set to align the five-hole probes as
closely as possible with the test section velocity vector.

The �Static Press. Calibration� sequence will provide data to enable comparison of reference pressure
measured during the wind tunnel test with field tests.  All differential blade pressure measurements are
referenced to the pressure inside a box rotating on the hub boom.  During typical field operation, a
pressure transducer is also used to measure the difference between box pressure and field static pressure.
Field static pressure is measured on a pitot-static probe mounted approximately 0.5D upwind of the
turbine on a swiveling vane that aligns to the flow.  The measured difference is applied as a correction to
all blade and five-hole probe pressures.  For all wind tunnel test sequences, the difference between hub
box reference pressure and local barometric pressure will be measured instead.  During data processing,
test section static pressure calibrations (referenced to local barometric pressure) will be used to derive the
pressure difference between the hub box and test section static pressure.  During the �Static Press.
Calibration� sequence, the reference tube will be disconnected from the tunnel reference and connected to
the upwind vane static as is done in the field.  This will provide a data set to compare with �Downwind
Baseline� to enable the performance of the vane-mounted static probe to be
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Figure 1.  NREL- NASA Ames Wind Tunnel Test Plan Summary Matrix, Part 1.
NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

Run
ID #

Test Sequence Priority Upwind/
Downwind

Rigid/
Teetered

Cone
Angle
(deg)

Yaw
Angle
(deg)

Blade
Tip Pitch

(deg)

Parked/
Rotating

RPM

A System Validation 1 As Conf. As Conf. As Conf. Locked at 0 28.4 Rotating As Conf.
B Downwind Baseline (F) 1 Downwind Teetered 3.4 Locked 3.0 Rotating 72.0
C Downwind Low Pitch (F) 1 Downwind Teetered 3.4 Locked 0.0 Rotating 72.0
D Downwind High Pitch (F) 1 Downwind Teetered 3.4 Locked 6.0 Rotating 72.0
E Yaw Releases (P) 1 Downwind Rigid 3.4 Locked / Free 3.0 Rotating 72.0
F Downwind High Cone (F) 1 Downwind Rigid 18.0 Locked 3.0 Rotating 72.0
G Upwind Teetered (F) 1 Upwind Teetered 0.0 Locked 3.0 Rotating 72.0
H Upwind Baseline (F) 1 Upwind Rigid 0.0 Locked 3.0 Rotating 72.0
I Upwind Low Pitch (F) 1 Upwind Rigid 0.0 Locked 0.0 Rotating 72.0
J Upwind High Pitch (F) 1 Upwind Rigid 0.0 Locked 6.0 Rotating 72.0
K Step AOA, Probes (P) 2 Upwind Rigid 3.4 Locked at 0 Fixed & slow Rotating 72.0
L Step AOA Parked (P) 2 Upwind Rigid 0.0 Locked at 0 Fixed & slow Parked 0.0
M Transition Fixed (P) 2 Upwind Rigid 0.0 Locked 3.0 Rotating 72.0
N Sin AOA, Rotating (P) 2 Upwind Rigid 0.0 Locked at 0 Sinusoidal Rotating 72.0
O Sin AOA, Parked (P) 2 Upwind Rigid 0.0 Locked at 0 Sinusoidal Parked 0.0
P Wake Flow Vis Upwind (P) 2 Upwind Rigid 0.0 Locked 3.0/12.0 Rotating 72.0
Q Dynamic Inflow (P) 2 Upwind Rigid 0.0 Locked at 0 Step Rotating 72.0
R Step AOA, No Probes (P) 2 Upwind Rigid 3.4 Locked at 0 Fixed & slow Rotating 72.0
S Upwind, No Probes (F) 2 Upwind Rigid 0.0 Locked 3.0 Rotating 72.0
T Upwind, 2 deg Pitch (F) 2 Upwind Rigid 0.0 Locked at 0 2.0 Rotating 72.0
U Upwind, 4 deg Pitch (F) 2 Upwind Rigid 0.0 Locked at 0 4.0 Rotating 72.0
V Tip Plate (F) 2 Upwind Rigid 0.0 Locked at 0 3.0 Rotating 72.0
W Extended Blade (F) 2 Upwind Rigid 0.0 Locked at 0 3.0 Rotating 72.0
X Medium RPM (F) 2 Upwind Rigid 0.0 Locked at 0 3.0 Rotating ~90.0
Y High RPM (F) 2 Upwind Rigid 0.0 Locked at 0 3.0 Rotating ~110.0
Z Upwind Coned (F) 3 Upwind Rigid 3.4 Locked 3.0 Rotating 72.0
1 Wake Flow Vis Downwind (P) 3 Downwind Teetered 3.4 Locked 3.0/12.0 Rotating 72.0
2 Blade Tufts (F) 3 Downwind Teetered 3.4 Locked 3.0 Rotating 72.0
3 Tower Wake Measure (P) 3 Downwind Rigid 3.4 Locked at 0 64.0 Rotating Slow
4 Static Press. Cal (P) 3 Downwind Either 0.0/3.4 Locked 3.0 Rotating 72.0

(F) - Test conditions representative of field operation
(P) - Test conditions designed to explore specific flow physics phenomena
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Figure 2.  NREL- NASA Ames Wind Tunnel Test Plan Summary Matrix, Part 2.
NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB
Run
ID #

Test Sequence Priority Blade
Tip

Blade
Press.

Probe
Press.

Slow
Yaw

Sweeps

Tuft
Vis.

1
Time
(min)

1,2
Time
(min)

1,2,3
Time
(min)

Day

A System Validation 1 As Conf X As Conf As Conf 20 20 20 Each
B Downwind Baseline (F) 1 Baseline X X 432 432 432 1-3
C Downwind Low Pitch (F) 1 Baseline X X 210 210 210 1-3
D Downwind High Pitch (F) 1 Baseline X X 210 210 210 1-3
E Yaw Releases (P) 1 Baseline X X 332 332 332 4
F Downwind High Cone (F) 1 Baseline X X 168 168 168 5
G Upwind Teetered (F) 1 Baseline X X 372 372 372 6
H Upwind Baseline (F) 1 Baseline X X X 304 304 304 7-8
I Upwind Low Pitch (F) 1 Baseline X X X 166 166 166 7-8
J Upwind High Pitch (F) 1 Baseline X X X 166 166 166 7-8
K Step AOA, Probes (P) 2 Baseline X X 131 131 9
L Step AOA Parked (P) 2 Baseline X X 113 113 9
M Transition Fixed (P) 2 Baseline X X X 95 95 9
N Sin AOA, Rotating (P) 2 Baseline X X 244 244 10
O Sin AOA, Parked (P) 2 Baseline X X 267 267 11
P Wake Flow Vis Upwind (P) 2 Visualiz X X 420 420 12
Q Dynamic Inflow (P) 2 Baseline X X 120 120 13
R Step AOA, No Probes (P) 2 Baseline X 131 131 13
S Upwind, No Probes (F) 2 Baseline X X 304 304 14
T Upwind, 2 deg Pitch (F) 2 Baseline X 42 42 15
U Upwind, 4 deg Pitch (F) 2 Baseline X 42 42 15
V Tip Plate (F) 2 Plate X 42 42 15
W Extended Blade (F) 2 Extended X 42 42 15
X Medium RPM (F) 2 Baseline X X 118 118 15
Y High RPM (F) 2 Baseline X X 78 78 15
Z Upwind Coned (F) 3 Baseline X X X 304
1 Wake Flow Vis Downwind (P) 3 Visualiz X X 420
2 Blade Tufts (F) 3 Baseline X X X X 472
3 Tower Wake Measure (P) 3 Baseline X X 120
4 Static Press. Cal (P) 3 Baseline X X 66

(F) - Test conditions representative of field operation                                                                                             Total Minutes:    2360   4549     5931
(P) - Test conditions designed to explore specific flow physics  phenomena                                                          Total Hours:          39        76         99
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Figure 3.  Run ID# A - System validation test sequence.  This test will be repeated at various times
during the wind tunnel testing to verify proper operation of turbine, instrumentation, and data-
acquisition systems.  Typical repetition will be at the beginning and end of each day or after
changing turbine configuration.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  A
SEQUENCE: System Validation

Uw
(m/s)

Blade Tip
Pitch (deg)

AOA at
0.30R (deg)

AOA at
0.95R (deg)

Power
(kW)

15.0 28.4 8.2 -6.2 -0.05

System  validation  procedure:

1)  Calibrate system
2)  Acquire data set
3)  Check data channels for activity, drift, noise, etc.
4)  Compare current data with previous system validation data
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Figure 4.  Run ID# B � Downwind Baseline - Priority 1.  Teetered rotor (3.4°°°° cone) operation at
constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#: B
SEQUENCE: Downwind Baseline (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X X X X X X X X X X
6.0 X2 X X X X
7.0 X2 X X X X X X X X X X X X X X X X X X X
8.0 X2 X X X X
9.0 X2 X X X X
10.0 X2 X X X X X X X X X X X X X X X X X X X
11.0 X2 X X X X
12.0 X2 X X X X
13.0 X2 X X X X
14.0 X2 X X X X
15.0 X2 X X X X X X X X X X X X X X X X X X X
16.0 X2 X X X X
17.0 X2 X X X X
18.0 X2 X X X X
19.0 X2 X X X X
20.0 X2 X X X X X X X X X X X X X X X X X X X
21.0 X2 X X X X
22.0 X2 X X X X
23.0 X2 X X X X
24.0 X2 X X X X
25.0 X2 X X X X X X X X X X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.

Shaded cells correspond to cases that may not be realizable due to excessive teeter impact loads, according
to ADAMS predictions.
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Figure 5.  Run ID# C � Downwind Low Pitch - Priority 1.  Teetered rotor (3.4°°°° cone) operation at
constant blade pitch (0°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:   C
SEQUENCE:  Downwind Low Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X X X
6.0 X X X X X
7.0 X X X X X
8.0 X X X X X
9.0 X X X X X
10.0 X X X X X
11.0 X X X X X
12.0 X X X X X
13.0 X X X X X
14.0 X X X X X
15.0 X X X X X
16.0 X X X X X
17.0 X X X X X
18.0 X X X X X
19.0 X X X X X
20.0 X X X X X
21.0 X X X X X
22.0 X X X X X
23.0 X X X X X
24.0 X X X X X
25.0 X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

Shaded cells correspond to cases that may not be realizable due to excessive teeter impact loads, according to
ADAMS predictions.
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Figure 6.  Run ID# D � Downwind High Pitch - Priority 1.  Teetered rotor (3.4°°°° cone) operation at
constant blade pitch (6°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  D
SEQUENCE:  Downwind High Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X X X
6.0 X X X X X
7.0 X X X X X
8.0 X X X X X
9.0 X X X X X
10.0 X X X X X
11.0 X X X X X
12.0 X X X X X
13.0 X X X X X
14.0 X X X X X
15.0 X X X X X
16.0 X X X X X
17.0 X X X X X
18.0 X X X X X
19.0 X X X X X
20.0 X X X X X
21.0 X X X X X
22.0 X X X X X
23.0 X X X X X
24.0 X X X X X
25.0 X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

Shaded cells correspond to cases that may not be realizable due to excessive teeter impact loads, according to
ADAMS predictions.
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Figure 7.  Run ID# E - Yaw Releases - Priority 1.  Downwind rigid rotor (3.4°°°° cone) operation at
constant blade pitch (3°°°°).  Yaw releases at selected initial yaw angles and tunnel velocities from 5-20
m/s.  With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  E
SEQUENCE:  Yaw Releases (P)

Uw Initial Yaw Angle
(m/s) 0 5 10 20 30 45 60 90 135 180 -135 -90 -45 -30 -20 -10 -5
5.0 X5 X5 X5 X5 X5 X5 X5 X5
6.0
7.0
8.0
9.0
10.0 X5 X5 X5 X5 X5 X5 X5 X5
11.0
12.0
13.0
14.0
15.0 X5 X5 X5 X5 X5 X5 X5 X5
16.0
17.0
18.0
19.0
20.0

Each "X5" entry indicates that five yaw releases will be completed for that combination of wind speed
and initial yaw angle.  All yaw releases will be initiated at the same blade azimuth, and data
acquisition will persist for 30 seconds to permit steady state to be reached.
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Figure 8.  Run ID# F � Downwind High Cone - Priority 1.  Downwind rigid rotor (18°°°° cone)
operation at constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.
With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  F
SEQUENCE:  Downwind High Cone (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X
6.0 X2 X X
7.0 X2 X X X X X X
8.0 X2 X X
9.0 X2 X X
10.0 X2 X X X X X X
11.0 X2 X X
12.0 X2 X X
13.0 X2 X X
14.0 X2 X X
15.0 X2 X X X X X X
16.0 X2 X X
17.0 X2 X X
18.0 X2 X X
19.0 X2 X X
20.0 X2 X X X X X X
21.0
22.0
23.0
24.0
25.0

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just
after setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viability and data repeatability.

Shaded cells correspond to cases that may not be realizable due to excessive yaw shaft loads, according
to ADAMS predictions.
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Figure 9.  Run ID# G - Upwind Teetered � Priority 1 upwind teetered (0°°°° cone) operation at
constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  G
SEQUENCE:  Upwind Teetered (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X X X X X X X X X X
6.0 X2 X X X X
7.0 X2 X X X X X X X X X X X X X X X X X X X
8.0 X2 X X X X
9.0 X2 X X X X
10.0 X2 X X X X X X X X X X X X X X X X X X X
11.0 X2 X X X X
12.0 X2 X X X X
13.0 X2 X X X X
14.0 X2 X X X X
15.0 X2 X X X X X X X X X X X X X X X X X X X
16.0 X2 X X X X
17.0 X2 X X X X
18.0 X2 X X X X
19.0 X2 X X X X
20.0 X2 X X X X X X X X X X X X X X X X X X X
21.0 X2 X X X X
22.0 X2 X X X X
23.0 X2 X X X X
24.0 X2 X X X X
25.0 X2 X X X X X X X X X X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.

Shaded cells correspond to cases that may not be realizable due to excessive teeter impact loads,
according to ADAMS predictions.
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Figure 10.  Run ID# H- Upwind Baseline - Priority 1.  Upwind rigid rotor (0°°°° cone) operation at
constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  H
SEQUENCE:  Upwind Baseline (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X
6.0 X2 X X
7.0 X2 X X X X X X X X X X
8.0 X2 X X
9.0 X2 X X
10.0 X2 X X X X X X X X X X
11.0 X2 X X
12.0 X2 X X
13.0 X2 X X
14.0 X2 X X
15.0 X2 X X X X X X X X X X
16.0 X2 X X
17.0 X2 X X
18.0 X2 X X
19.0 X2 X X
20.0 X2 X X X X X X X X X X
21.0 X2 X X
22.0 X2 X X
23.0 X2 X X
24.0 X2 X X
25.0 X2 X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.
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Figure 11.  Run ID# I � Upwind Low Pitch - Priority 1.  Upwind rigid rotor (0°°°° cone) operation at
constant blade pitch (0°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  I
SEQUENCE:  Upwind Low Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X
6.0 X X X
7.0 X X X
8.0 X X X
9.0 X X X
10.0 X X X
11.0 X X X
12.0 X X X
13.0 X X X
14.0 X X X
15.0 X X X
16.0 X X X
17.0 X X X
18.0 X X X
19.0 X X X
20.0 X X X
21.0 X X X
22.0 X X X
23.0 X X X
24.0 X X X
25.0 X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 12.  Run ID# J � Upwind High Pitch - Priority 1.  Upwind rigid rotor (0°°°° cone) operation at
constant blade pitch (6°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  J
SEQUENCE:  Upwind High Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X
6.0 X X X
7.0 X X X
8.0 X X X
9.0 X X X
10.0 X X X
11.0 X X X
12.0 X X X
13.0 X X X
14.0 X X X
15.0 X X X
16.0 X X X
17.0 X X X
18.0 X X X
19.0 X X X
20.0 X X X
21.0 X X X
22.0 X X X
23.0 X X X
24.0 X X X
25.0 X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 13.  Run ID# K � Varying AOA With Probes - Priority 2.  Upwind rigid rotor (3.4°°°° cone)
operation at zero yaw, with ramped and stepped blade pitch variations, at selected tunnel velocities
from 6-20 m/s.  With five-hole leading edge pressure probes removed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  K
SEQUENCE:  Step AOA, Probes (P)

Uw
(m/s)

Yaw
(deg)

Initial Tip
Pitch
(deg)

0.30R
AOA at
Initial
Pitch
(deg)

0.95R
AOA at
Initial
Pitch
(deg)

Final Tip
Pitch
(deg)

0.30R
AOA at
Final
Pitch
(deg)

0.95R AOA at
Final Pitch

(deg)

Pitch Rate
(deg/s)

Pitching

6.0 0.0 32.0 -16.0 -20.1 -15.0 20.0 20.1 0.180 continuous ramp
6.0 0.0 -15.0 20.0 20.1 32.0 -16.0 -20.1 -0.180 continuous ramp
6.0 0.0 32.0 -16.1 -20.1 -15.0 20.0 20.1 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

6.0 30.0 32.0 -16.1 -20.1 -15.0 20.0 20.1 step up
then

step down

5.0 deg step, 3.0 s
delay, 5.0 s data

10.0 0.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 0.180 continuous ramp
10.0 0.0 -15.0 36.0 26.8 37.0 -9.0 -2.0 -0.180 continuous ramp
10.0 0.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

10.0 30.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 step up
then

step down

5.0 deg step, 3.0 s
delay, 5.0 s data

15.0 0.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 0.180 continuous ramp
15.0 0.0 -15.0 48.2 34.0 40.0 -1.6 -16.3 -0.180 continuous ramp
15.0 0.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

15.0 30.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 step up
then

step down

5.0 deg step, 3.0 s
delay, 5.0 s data

20.0 0.0 44.0 1.3 -14.4 28.0 14.7 -0.8 0.180 continuous ramp
20.0 0.0 28.0 14.7 -0.8 44.0 1.3 -14.4 -0.180 continuous ramp
20.0 0.0 44.0 1.3 -14.4 28.0 14.7 -0.8 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

20.0 30.0 44.0 1.3 -14.4 28.0 14.7 -0.8 step up
then

step down

5.0 deg step, 3.0 s
delay, 5.0 s data

The column titled "Pitching" describes how the blade will be pitched to acquire static data.  The entry "continuous ramp"
indicates that pitching will be carried out at 0.180 degrees per second through the range indicated in the columns to
the left.  The entry "5.0 deg step, 3.0 s delay, 5.0 s data� indicates that, through the range indicated in the columns to
the left, the blade will be stepped in pitch to the each angle, 3.0 seconds will be allowed to elapse to stabilize the flow,
and then 5.0 seconds of data will be acquired.
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Figure 14.  Run ID #L - Varying AOA Parked - Priority 2.  Parked rotor with ramped and stepped
blade pitch variations, at selected tunnel velocities from 20-40 m/s.  With five-hole leading edge
pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  L
SEQUENCE:  Step AOA Parked (P)

Uw Initial Tip
Pitch
(deg)

0.30R
AOA at
Initial
Pitch
(deg)

0.95R
AOA at
Initial
Pitch
(deg)

Final Tip
Pitch
(deg)

0.30R
AOA at
Final
Pitch
(deg)

0.95R AOA at
Final Pitch

(deg)

Pitch Rate
(deg/s)

Pitching

20.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 0.180 continuous ramp
20.0 -15.0 88.9 104.7 90.0 -16.1 -0.3 -0.180 continuous ramp
20.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

30.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 0.180 continuous ramp
30.0 -15.0 88.9 104.7 90.0 -16.1 -0.3 -0.180 continuous ramp
30.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

40.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 0.180 continuous ramp
40.0 -15.0 88.9 104.7 90.0 -16.1 -0.3 -0.180 continuous ramp
40.0 90.0 -16.1 -0.3 -15.0 88.9 104.7 step up

then
step down

5.0 deg step, 3.0 s
delay, 5.0 s data

The column titled "Pitching" describes how the blade will be pitched to acquire static data.  The entry "continuous
ramp" indicates that pitching will be carried out at 0.180 degrees per second through the range indicated in the
columns to the left.  The entry "5.0 deg step, 3.0 s delay, 5.0 s data� indicates that, through the range indicated
in the columns to the left, the blade will be stepped in pitch to the each angle, 3.0 seconds will be allowed to
elapse to stabilize the flow, and then 5.0 seconds of data will be acquired.
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Figure 15.  Run ID# M � Transition Fixed - Priority 2.  Upwind rigid rotor (0°°°° cone) operation at
constant blade pitch (3°°°°), at selected yaw angles, and velocities from 5-15 m/s.  With five-hole
leading edge pressure probes installed.  With NASA-recommended trip-strip installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  M
SEQUENCE:  Transition Fixed (P)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X X
6.0 X X X
7.0 X X X X
8.0 X X X
9.0 X X X
10.0 X X X X
11.0 X X X
12.0 X X X
13.0 X X X
14.0 X X X
15.0 X X X X
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viability and data repeatability.
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Figure 16.  Run ID# N - Sinusoidal AOA - Priority 2.  Upwind rigid rotor (0°°°° cone) operation
with sinusoidally varying blade pitch, at constant yaw (0°°°°) and constant tunnel velocity (15
m/s).  With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  N
SEQUENCE:  Sin AOA, Rotating (P)

WIND SPEED = 15.0 m/s AND YAW = 0.0 deg THROUGHOUT THIS SERIES DATA WILL BE ACQUIRED FOR
40 SUCCESSIVE BLADE PITCH CYCLES

NOTE:  Rows for each span station are divided into two sets, and are separated by a heavy horizontal line.
The first set of rows consists of combinations of K, mean AOA, and omega AOA that the blades would likely experience
during routine operation.  The second set of rows contains combinations of K, mean AOA, and omega AOA
corresponding to those tested at Ohio State University using an S809 airfoil section under two-dimensional conditions.

Span
Station

Chord
(m)

Total
Local

U (m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

Power
Caution

1 0.711 18.78 862,352 0.1000 -4.00 4.00 0.84161 38.20 46.82 X
1 0.711 19.01 872,914 0.1000 10.00 4.00 0.85434 21.02 31.02
1 0.711 18.91 868,322 0.1000 24.00 5.00 0.84957 4.25 14.93 X
1 0.711 19.00 872,455 0.1000 38.00 7.00 0.84957 -12.27 2.69
1 0.711 18.73 860,056 0.1250 -5.00 1.00 1.04246 42.73 44.69 X
1 0.711 18.86 866,026 0.1250 11.00 2.00 1.06363 22.42 27.24
1 0.711 18.88 866,944 0.1250 27.00 5.00 1.06363 1.08 11.88
1 0.711 18.71 859,138 0.1500 -7.00 4.00 1.25159 41.55 49.81 X
1 0.711 18.77 861,893 0.1500 7.00 4.00 1.26369 25.10 34.42
1 0.711 18.81 863,730 0.1500 21.00 5.00 1.2621 6.99 18.49 X
1 0.711 18.90 867,863 0.1500 35.00 5.00 1.2621 -7.04 3.80
1 0.711 18.73 860,056 0.1750 -5.00 3.00 1.47362 40.54 46.88 X
1 0.711 18.89 867,403 0.1750 11.00 3.00 1.48078 21.34 28.32
1 0.711 18.91 868,322 0.1750 28.00 3.00 1.47441 2.14 8.72
1 0.711 18.74 860,516 0.2000 -4.00 2.00 1.67558 40.52 44.88 X
1 0.711 19.00 872,455 0.2000 15.00 2.00 1.69436 17.34 21.96
1 0.711 18.83 864,648 0.2000 10.00 4.00 1.68497 21.43 30.61
1 0.711 18.74 860,516 0.2000 -4.00 4.00 1.67558 38.36 47.04 X
1 0.711 18.66 856,842 0.2000 5.00 3.00 1.67829 29.05 35.87
1 0.711 19.00 872,455 0.2000 15.00 3.00 1.69436 16.16 23.14
1 0.711 18.75 860,975 0.2125 -3.00 1.00 1.78683 40.54 42.76 X
1 0.711 18.76 861,434 0.2125 3.00 1.00 1.78683 33.73 35.71
1 0.711 18.75 860,975 0.2125 -3.00 2.00 1.78683 39.47 43.83 X
1 0.711 18.75 860,975 0.2125 3.00 2.00 1.78683 32.54 36.90
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Figure 16 (continued).  Run ID# N - Sinusoidal AOA - Priority 2.  Upwind rigid rotor (0°°°°
cone) operation with sinusoidally varying blade pitch, at constant yaw (0°°°°) and constant
tunnel velocity (15 m/s).  With five-hole leading edge pressure probes installed.

Span
Station

Chord
(m)

Total
Local

U (m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

Power
Caution

1 0.711 18.86 866,026 0.025 8.00 5.50 0.213 21.68 35.30
1 0.711 18.86 866,026 0.025 14.00 5.50 0.213 14.52 27.98
1 0.711 18.96 870,618 0.025 20.00 5.50 0.213 7.92 20.22
1 0.711 18.90 867,863 0.025 8.00 10.00 0.213 15.99 40.41
1 0.711 18.80 863,271 0.025 14.00 10.00 0.213 9.46 33.50
1 0.711 18.86 866,026 0.025 20.00 10.00 0.213 3.48 25.78 X
1 0.711 18.85 865,567 0.050 8.00 5.50 0.415 21.71 35.27
1 0.711 18.86 866,026 0.050 14.00 5.50 0.415 14.16 27.82
1 0.711 18.97 871,077 0.050 20.00 5.50 0.420 7.83 20.19 X
1 0.711 18.87 866,485 0.050 8.00 10.00 0.415 15.97 40.39
1 0.711 18.75 860,975 0.050 14.00 10.00 0.412 9.39 33.53 X
1 0.711 18.84 865,108 0.050 20.00 10.00 0.415 3.43 25.93 X
1 0.711 18.88 866,944 0.075 8.00 5.50 0.640 21.62 35.36
1 0.711 18.89 867,403 0.075 14.00 5.50 0.640 14.26 27.88 X
1 0.711 18.99 871,995 0.075 20.00 5.50 0.640 7.75 20.11 X
1 0.711 18.93 869,240 0.075 8.00 10.00 0.640 15.97 40.39 X
1 0.711 18.85 865,567 0.075 14.00 10.00 0.640 9.19 33.29 X
1 0.711 18.93 869,240 0.075 20.00 10.00 0.640 3.07 25.55 X
1 0.711 18.83 864,648 0.100 8.00 5.50 0.850 21.58 35.24
1 0.711 18.82 864,189 0.100 14.00 5.50 0.850 14.15 27.49 X
1 0.711 18.80 863,271 0.100 20.00 5.50 0.850 7.71 20.23 X
1 0.711 18.80 863,271 0.100 14.00 10.00 0.850 8.90 33.18 X
1 0.711 18.80 863,271 0.100 20.00 10.00 0.850 2.71 25.53 X
2 0.627 23.19 939,048 0.0625 -7.00 2.00 0.74644 39.89 44.15 X
2 0.627 23.19 939,048 0.0625 3.00 2.00 0.74309 28.72 33.22
2 0.627 23.42 948,362 0.0625 12.00 4.00 0.73195 15.64 24.82
2 0.627 23.21 939,858 0.0750 -5.00 2.00 0.87631 37.83 42.09
2 0.627 23.47 950,386 0.0750 9.00 2.00 0.90145 21.52 26.02
2 0.627 23.50 951,601 0.0750 23.00 5.00 0.89318 3.20 13.78
2 0.627 23.30 943,502 0.0750 37.00 6.00 0.87742 -12.01 0.43
2 0.627 23.21 939,858 0.1000 -4.00 2.00 1.17313 36.63 40.89
2 0.627 23.47 950,386 0.1000 9.00 2.00 1.1935 21.46 26.08
2 0.627 23.49 951,196 0.1000 23.00 2.00 1.19494 6.31 10.67
2 0.627 23.35 945,527 0.1000 37.00 4.00 1.1865 -9.98 -1.60
2 0.627 23.31 943,907 0.1000 7.00 6.00 1.1865 19.48 33.00
2 0.627 23.08 934,594 0.1250 -2.00 1.00 1.47537 35.69 37.73
2 0.627 23.30 943,502 0.1250 5.00 1.00 1.47775 27.65 29.77
2 0.627 23.34 945,122 0.1250 13.00 1.00 1.4838 18.19 20.31
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Figure 16 (continued).  Run ID# N - Sinusoidal AOA - Priority 2.  Upwind rigid rotor (0°°°°
cone) operation with sinusoidally varying blade pitch, at constant yaw (0°°°°) and constant
tunnel velocity (15 m/s).  With five-hole leading edge pressure probes installed.

Span
Station

Chord
(m)

Total
Local

U (m/s)

Local
Re

Local
K

Mean
AOA
(deg)

Omega
AOA (deg)

Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

Power
Caution

2 0.627 23.31 943,907 0.025 8.00 5.50 0.294 18.60 31.36
2 0.627 23.36 945,932 0.025 14.00 5.50 0.307 12.12 24.36
2 0.627 23.39 947,147 0.025 20.00 5.50 0.307 5.95 17.53
2 0.627 23.25 941,478 0.025 8.00 10.00 0.294 13.50 36.46
2 0.627 23.34 945,122 0.025 14.00 10.00 0.296 7.38 29.92 X
2 0.627 23.17 938,238 0.025 20.00 10.00 0.294 1.47 22.71 X
2 0.627 23.35 945,527 0.050 8.00 5.50 0.584 18.60 31.36
2 0.627 23.34 945,122 0.050 14.00 5.50 0.584 11.95 24.53 X
2 0.627 23.39 947,147 0.050 20.00 5.50 0.584 5.77 17.59 X
2 0.627 23.33 944,717 0.050 8.00 10.00 0.584 13.45 36.69 X
2 0.627 23.24 941,073 0.050 14.00 10.00 0.584 7.01 29.63 X
2 0.627 23.30 943,502 0.050 20.00 10.00 0.584 1.19 22.45 X
2 0.627 23.32 944,312 0.075 8.00 5.50 0.899 18.60 31.36
2 0.627 23.34 945,122 0.075 14.00 5.50 0.899 11.65 24.33 X
2 0.627 23.37 946,337 0.075 20.00 5.50 0.899 5.55 17.43 X
2 0.627 23.33 944,717 0.075 8.00 10.00 0.893 13.34 36.30 X
2 0.627 23.34 945,122 0.075 14.00 10.00 0.883 6.86 29.62 X
2 0.627 23.40 947,552 0.075 20.00 10.00 0.883 0.81 22.53 X
2 0.627 23.30 943,502 0.100 8.00 5.50 1.194 18.67 31.29
2 0.627 23.27 942,288 0.100 14.00 5.50 1.187 11.85 24.19 X
2 0.627 23.29 943,098 0.100 20.00 5.50 1.194 5.61 17.43 X
3 0.542 28.17 986,065 0.0375 -7.00 1.00 0.60909 36.00 38.04
3 0.542 28.10 983,615 0.0375 -1.00 1.00 0.60909 29.19 31.31
3 0.542 28.22 987,816 0.0375 5.00 2.00 0.62325 21.07 25.79
3 0.542 28.12 984,315 0.0375 7.00 10.00 0.60909 9.94 32.54 X
3 0.542 28.11 983,965 0.0375 15.00 10.00 0.60909 1.87 23.33 X
3 0.542 28.08 982,915 0.0375 23.00 10.00 0.60909 -6.05 14.47
3 0.542 27.98 979,415 0.0500 -5.00 1.00 0.82856 33.77 35.75
3 0.542 28.28 989,916 0.0500 8.00 2.00 0.84113 17.49 22.15
3 0.542 28.49 997,267 0.0500 21.00 4.00 0.84113 1.92 10.28
3 0.542 28.63 1,002,167 0.0500 34.00 5.00 0.84113 -12.04 -1.84
3 0.542 28.78 1,007,418 0.0500 11.00 11.00 0.84113 4.58 29.04 X
3 0.542 28.06 982,215 0.0625 -4.00 1.00 1.03148 32.74 34.72
3 0.542 28.30 990,616 0.0625 8.00 2.00 1.02671 17.49 22.15
3 0.542 28.33 991,666 0.0625 20.00 2.00 1.05504 4.95 9.31
3 0.542 28.41 994,466 0.0625 32.00 2.00 1.05504 -7.02 -2.80
3 0.542 28.54 999,017 0.0625 10.00 8.00 1.04437 8.75 26.61 X
3 0.542 28.34 992,016 0.0625 26.00 7.00 1.05504 -6.26 8.32
3 0.542 28.18 986,415 0.0750 -3.00 1.00 1.24921 31.51 33.47
3 0.542 28.43 995,166 0.0750 12.00 1.00 1.26178 14.29 16.47
3 0.542 28.32 991,316 0.0750 28.00 2.00 1.26178 -2.74 1.24
3 0.542 28.23 988,166 0.0750 10.00 3.00 1.24284 14.44 21.06 X
3 0.542 28.30 990,616 0.0750 23.00 3.00 1.26178 1.03 7.39
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Figure 16 (continued).  Run ID# N - Sinusoidal AOA - Priority 2.  Upwind rigid rotor (0°°°°
cone) operation with sinusoidally varying blade pitch, at constant yaw (0°°°°) and constant
tunnel velocity (15 m/s).  With five-hole leading edge pressure probes installed.

Span
Station

Chord
(m)

Total
Local

U (m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

Power
Caution

3 0.542 28.24 988,516 0.025 8.00 5.50 0.419 13.75 26.21
3 0.542 28.46 996,217 0.025 14.00 5.50 0.428 7.52 19.28
3 0.542 28.33 991,666 0.025 20.00 5.50 0.428 1.53 12.89
3 0.542 28.40 994,116 0.025 8.00 10.00 0.419 8.99 31.27 X
3 0.542 28.25 988,866 0.025 14.00 10.00 0.419 2.96 24.44 X
3 0.542 28.21 987,466 0.025 20.00 10.00 0.419 -2.80 17.72 X
3 0.542 28.35 992,366 0.050 8.00 5.50 0.842 13.65 25.99 X
3 0.542 28.23 988,166 0.050 14.00 5.50 0.842 7.39 19.37 X
3 0.542 28.38 993,416 0.050 20.00 5.50 0.842 1.45 12.81
3 0.542 28.29 990,266 0.050 8.00 10.00 0.842 8.86 31.10 X
3 0.542 28.44 995,517 0.050 14.00 10.00 0.842 2.81 24.37 X
3 0.542 28.41 994,466 0.050 20.00 10.00 0.842 -3.32 17.74 X
3 0.542 28.27 989,566 0.075 8.00 5.50 1.243 13.73 25.91 X
3 0.542 28.14 985,015 0.075 14.00 5.50 1.249 7.33 19.15 X
3 0.542 28.33 991,666 0.075 20.00 5.50 1.262 1.40 12.86
3 0.542 28.47 996,567 0.100 8.00 5.50 1.685 13.83 25.81 X
3 0.542 28.49 997,267 0.100 14.00 5.50 1.684 7.25 19.07 X
3 0.542 28.58 1,000,417 0.100 20.00 5.50 1.679 1.27 13.09 X
4 0.457 33.68 994,049 0.0250 -5.00 1.00 0.57853 28.94 31.06
4 0.457 33.86 999,362 0.0250 5.00 1.00 0.61211 17.32 19.44
4 0.457 33.70 994,639 0.0250 15.00 3.00 0.5841 4.81 11.17
4 0.457 33.95 1,002,018 0.0250 16.00 11.00 0.57853 -4.23 18.53 X
4 0.457 33.68 994,049 0.0375 -5.00 1.00 0.86771 28.94 31.06
4 0.457 34.05 1,004,970 0.0375 10.00 2.00 0.86771 10.86 15.08
4 0.457 33.87 999,657 0.0375 26.00 2.00 0.86771 -5.11 -1.13
4 0.457 33.63 992,573 0.0375 15.00 10.00 0.86771 -2.50 18.48 X
4 0.457 33.79 997,296 0.0500 -4.00 1.00 1.1744 27.89 30.01
4 0.457 34.09 1,006,150 0.0500 13.00 1.00 1.1744 8.91 10.87
4 0.457 34.08 1,005,855 0.0500 30.00 2.00 1.1744 -9.18 -5.20
4 0.457 33.98 1,002,904 0.0500 4.00 2.00 1.1744 17.31 21.67
4 0.457 34.04 1,004,674 0.0500 12.00 2.00 1.1744 8.92 13.12
4 0.457 33.96 1,002,313 0.0500 25.00 2.00 1.1744 -4.25 0.11
4 0.457 34.12 1,007,036 0.0500 10.00 3.00 1.1744 9.79 16.15 X
4 0.457 34.07 1,005,560 0.0500 27.00 3.00 1.1744 -7.35 -0.99
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Figure 16 (continued).  Run ID# N - Sinusoidal AOA - Priority 2.  Upwind rigid rotor (0°°°°
cone) operation with sinusoidally varying blade pitch, at constant yaw (0°°°°) and constant
tunnel velocity (15 m/s).  With five-hole leading edge pressure probes installed.

Span
Station

Chord
(m)

Total
Local

U (m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

Power
Caution

4 0.457 34.05 1,004,970 0.025 8.00 5.50 0.584 9.25 21.17 X
4 0.457 34.08 1,005,855 0.025 14.00 5.50 0.584 3.46 14.70
4 0.457 33.62 992,278 0.025 20.00 5.50 0.600 -2.73 8.63
4 0.457 33.78 997,001 0.025 8.00 10.00 0.584 4.83 26.41 X
4 0.457 33.92 1,001,133 0.025 14.00 10.00 0.584 -1.21 19.61 X
4 0.457 33.83 998,476 0.025 20.00 10.00 0.567 -7.31 13.21
4 0.457 33.98 1,002,904 0.050 8.00 5.50 1.175 9.05 21.21 X
4 0.457 33.96 1,002,313 0.050 14.00 5.50 1.175 3.13 14.79 X
4 0.457 34.05 1,004,970 0.050 20.00 5.50 1.175 -2.84 8.74
4 0.457 33.82 998,181 0.075 14.00 5.50 1.752 3.07 14.73 X
4 0.457 33.86 999,362 0.075 20.00 5.50 1.752 -2.97 8.49
5 0.381 38.98 959,150 0.0125 -4.00 1.00 0.4329 24.31 26.99
5 0.381 39.22 965,055 0.0125 5.00 1.00 0.4329 13.59 15.71
5 0.381 39.10 962,102 0.0125 15.00 4.00 0.4329 0.12 8.36
5 0.381 39.15 963,333 0.0125 6.00 7.00 0.4329 5.97 21.55 X
5 0.381 39.07 961,364 0.0125 13.00 8.00 0.4329 -1.93 14.69
5 0.381 39.15 963,333 0.0125 22.00 11.00 0.4329 -14.41 8.41
5 0.381 39.23 965,301 0.0125 16.00 15.00 0.4329 -12.34 19.26 X
5 0.381 38.94 958,165 0.0250 -4.00 1.00 0.82601 24.41 26.89
5 0.381 39.18 964,071 0.0250 16.00 2.00 0.82601 1.04 5.22
5 0.381 39.90 981,787 0.0250 10.00 8.00 0.82601 0.71 17.99 X
5 0.381 39.57 973,667 0.0250 22.00 8.00 0.82601 -11.49 5.49
5 0.381 39.19 964,317 0.0375 -3.00 1.00 1.22517 22.89 25.37
5 0.381 39.39 969,238 0.0375 9.00 1.00 1.25876 9.19 11.31
5 0.381 39.47 971,207 0.0375 9.00 2.00 1.25876 8.12 12.38
5 0.381 39.17 963,825 0.0375 21.00 2.00 1.22517 -4.03 0.33
5 0.381 39.49 971,699 0.025 8.00 5.50 0.826 5.38 17.48 X
5 0.381 39.40 969,484 0.025 14.00 5.50 0.826 -0.55 10.97
5 0.381 39.55 973,175 0.025 20.00 5.50 0.826 -6.75 4.77
5 0.381 39.83 980,065 0.025 8.00 10.00 0.826 0.70 22.72 X
5 0.381 39.72 977,358 0.025 14.00 10.00 0.826 -5.41 15.83 X
5 0.381 39.57 973,667 0.025 20.00 10.00 0.826 -11.56 9.42
5 0.381 39.44 970,469 0.050 14.00 5.50 1.670 -1.08 11.00
5 0.381 39.46 970,961 0.050 20.00 5.50 1.627 -6.91 4.77
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Figure 17.  Run ID#O- Sinusoidal AOA Parked - Priority 2.  Parked rotor with sinusoidally varying
blade pitch, at selected tunnel velocities from 20-40 m/s.  With five-hole leading edge pressure
probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  O
SEQUENCE:  Sin AOA, Parked (P)

YAW = 0.0 deg THROUGHOUT THIS SERIES
DATA WILL BE ACQUIRED FOR 40 SUCCESSIVE BLADE PITCH CYCLES

NOTE:  Rows for each span station are divided into two sets, and are separated by a heavy horizontal line.
The first set of rows consists of combinations of K, mean AOA, and omega AOA that the blades would likely experience during
routine operation.  The second set of rows contains combinations of K, mean AOA, and omega AOA corresponding to those
tested at Ohio State University using an S809 airfoil section under two-dimensional conditions.

Span
Station

Chord
(m)

Uw
(m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Blade
Pitch
Freq
(Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

1 0.711 18.90 867,863 0.1000 -4.00 4.00 0.846 73.88 81.88
1 0.711 18.90 867,863 0.1000 10.00 4.00 0.846 59.88 67.88
1 0.711 18.90 867,863 0.1000 24.00 5.00 0.846 44.88 54.88
1 0.711 18.90 867,863 0.1000 38.00 7.00 0.846 28.88 42.88
1 0.711 18.90 867,863 0.1000 52.00 7.00 0.846 14.88 28.88
1 0.711 18.90 867,863 0.1250 11.00 2.00 1.058 60.88 64.88
1 0.711 18.90 867,863 0.1250 27.00 5.00 1.058 41.88 51.88
1 0.711 18.90 867,863 0.1250 44.00 7.00 1.058 22.88 36.88
1 0.711 18.90 867,863 0.1500 7.00 4.00 1.269 62.88 70.88
1 0.711 18.90 867,863 0.1500 21.00 5.00 1.269 47.88 57.88
1 0.711 18.90 867,863 0.1500 35.00 5.00 1.269 33.88 43.88
1 0.711 18.90 867,863 0.1750 11.00 3.00 1.481 59.88 65.88
1 0.711 18.90 867,863 0.1750 28.00 3.00 1.481 42.88 48.88
1 0.711 18.90 867,863 0.2000 -4.00 2.00 1.692 75.88 79.88
1 0.711 18.90 867,863 0.2000 15.00 2.00 1.692 56.88 60.88
1 0.711 18.90 867,863 0.2000 10.00 4.00 1.692 59.88 67.88
1 0.711 18.90 867,863 0.2000 -4.00 4.00 1.692 73.88 81.88
1 0.711 18.90 867,863 0.2000 5.00 3.00 1.692 65.88 71.88
1 0.711 18.90 867,863 0.2000 15.00 3.00 1.692 55.88 61.88
1 0.711 18.90 867,863 0.2125 -3.00 1.00 1.798 75.88 77.88
1 0.711 18.90 867,863 0.2125 3.00 1.00 1.798 69.88 71.88
1 0.711 18.90 867,863 0.2125 -3.00 2.00 1.798 74.88 78.88
1 0.711 18.90 867,863 0.2125 3.00 2.00 1.798 68.88 72.88
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Figure 17 (continued).  Run ID# O - Sinusoidal AOA Parked - Priority 2.  Parked rotor with
sinusoidally varying blade pitch, at selected tunnel velocities from 20-40 m/s.  With five-hole leading
edge pressure probes installed.

Span
Station

Chord
(m)

Uw (m/s) Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Blade Pitch
Freq (Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

1 0.711 18.90 867,863 0.0250 8.0 5.5 0.212 60.38 71.38
1 0.711 18.90 867,863 0.0250 14.0 5.5 0.212 54.38 65.38
1 0.711 18.90 867,863 0.0250 20.0 5.5 0.212 48.38 59.38
1 0.711 18.90 867,863 0.0250 8.0 10.0 0.212 55.88 75.88
1 0.711 18.90 867,863 0.0250 14.0 10.0 0.212 49.88 69.88
1 0.711 18.90 867,863 0.0250 20.0 10.0 0.212 43.88 63.88
1 0.711 18.90 867,863 0.0500 8.0 5.5 0.423 60.38 71.38
1 0.711 18.90 867,863 0.0500 14.0 5.5 0.423 54.38 65.38
1 0.711 18.90 867,863 0.0500 20.0 5.5 0.423 48.38 59.38
1 0.711 18.90 867,863 0.0500 8.0 10.0 0.423 55.88 75.88
1 0.711 18.90 867,863 0.0500 14.0 10.0 0.423 49.88 69.88
1 0.711 18.90 867,863 0.0500 20.0 10.0 0.423 43.88 63.88
1 0.711 18.90 867,863 0.0750 8.0 5.5 0.635 60.38 71.38
1 0.711 18.90 867,863 0.0750 14.0 5.5 0.635 54.38 65.38
1 0.711 18.90 867,863 0.0750 20.0 5.5 0.635 48.38 59.38
1 0.711 18.90 867,863 0.0750 8.0 10.0 0.635 55.88 75.88
1 0.711 18.90 867,863 0.0750 14.0 10.0 0.635 49.88 69.88
1 0.711 18.90 867,863 0.0750 20.0 10.0 0.635 43.88 63.88
1 0.711 18.90 867,863 0.1000 8.0 5.5 0.846 60.38 71.38
1 0.711 18.90 867,863 0.1000 14.0 5.5 0.846 54.38 65.38
1 0.711 18.90 867,863 0.1000 20.0 5.5 0.846 48.38 59.38
1 0.711 18.90 867,863 0.1000 8.0 10.0 0.846 55.88 75.88
1 0.711 18.90 867,863 0.1000 14.0 10.0 0.846 49.88 69.88
1 0.711 18.90 867,863 0.1000 20.0 10.0 0.846 43.88 63.88
2 0.627 23.30 943,502 0.0625 3.00 2.00 0.739 78.62 82.62
2 0.627 23.30 943,502 0.0625 12.00 4.00 0.739 67.62 75.62
2 0.627 23.30 943,502 0.0750 9.00 2.00 0.887 72.62 76.62
2 0.627 23.30 943,502 0.0750 23.00 5.00 0.887 55.62 65.62
2 0.627 23.30 943,502 0.0750 37.00 6.00 0.887 40.62 52.62
2 0.627 23.30 943,502 0.0750 52.00 6.00 0.887 25.62 37.62
2 0.627 23.30 943,502 0.1000 9.00 2.00 1.183 72.62 76.62
2 0.627 23.30 943,502 0.1000 23.00 2.00 1.183 58.62 62.62
2 0.627 23.30 943,502 0.1000 37.00 4.00 1.183 42.62 50.62
2 0.627 23.30 943,502 0.1000 7.00 6.00 1.183 70.62 82.62
2 0.627 23.30 943,502 0.1250 5.00 1.00 1.479 77.62 79.62
2 0.627 23.30 943,502 0.1250 13.00 1.00 1.479 69.62 71.62
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Figure 17 (continued).  Run ID# O - Sinusoidal AOA Parked - Priority 2.  Parked rotor with
sinusoidally varying blade pitch, at selected tunnel velocities from 20-40 m/s.  With five-hole leading
edge pressure probes installed.

Span
Station

Chord
(m)

Uw (m/s) Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Blade Pitch
Freq (Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

2 0.627 23.30 943,502 0.0250 8.0 5.5 0.296 70.12 81.12
2 0.627 23.30 943,502 0.0250 14.0 5.5 0.296 64.12 75.12
2 0.627 23.30 943,502 0.0250 20.0 5.5 0.296 58.12 69.12
2 0.627 23.30 943,502 0.0250 8.0 10.0 0.296 65.62 85.62
2 0.627 23.30 943,502 0.0250 14.0 10.0 0.296 59.62 79.62
2 0.627 23.30 943,502 0.0250 20.0 10.0 0.296 53.62 73.62
2 0.627 23.30 943,502 0.0500 8.0 5.5 0.591 70.12 81.12
2 0.627 23.30 943,502 0.0500 14.0 5.5 0.591 64.12 75.12
2 0.627 23.30 943,502 0.0500 20.0 5.5 0.591 58.12 69.12
2 0.627 23.30 943,502 0.0500 8.0 10.0 0.591 65.62 85.62
2 0.627 23.30 943,502 0.0500 14.0 10.0 0.591 59.62 79.62
2 0.627 23.30 943,502 0.0500 20.0 10.0 0.591 53.62 73.62
2 0.627 23.30 943,502 0.0750 8.0 5.5 0.887 70.12 81.12
2 0.627 23.30 943,502 0.0750 14.0 5.5 0.887 64.12 75.12
2 0.627 23.30 943,502 0.0750 20.0 5.5 0.887 58.12 69.12
2 0.627 23.30 943,502 0.0750 8.0 10.0 0.887 65.62 85.62
2 0.627 23.30 943,502 0.0750 14.0 10.0 0.887 59.62 79.62
2 0.627 23.30 943,502 0.0750 20.0 10.0 0.887 53.62 73.62
2 0.627 23.30 943,502 0.1000 8.0 5.5 1.183 70.12 81.12
2 0.627 23.30 943,502 0.1000 14.0 5.5 1.183 64.12 75.12
2 0.627 23.30 943,502 0.1000 20.0 5.5 1.183 58.12 69.12
3 0.542 28.30 990,616 0.0375 -1.00 1.00 0.623 87.02 89.02
3 0.542 28.30 990,616 0.0375 5.00 2.00 0.623 80.02 84.02
3 0.542 28.30 990,616 0.0375 15.00 10.00 0.623 62.02 82.02
3 0.542 28.30 990,616 0.0375 23.00 10.00 0.623 54.02 74.02
3 0.542 28.30 990,616 0.0500 8.00 2.00 0.831 77.02 81.02
3 0.542 28.30 990,616 0.0500 21.00 4.00 0.831 62.02 70.02
3 0.542 28.30 990,616 0.0500 34.00 5.00 0.831 48.02 58.02
3 0.542 28.30 990,616 0.0500 47.00 5.00 0.831 35.02 45.02
3 0.542 28.30 990,616 0.0500 11.00 11.00 0.831 65.02 87.02
3 0.542 28.30 990,616 0.0500 23.00 12.00 0.831 52.02 76.02
3 0.542 28.30 990,616 0.0625 8.00 2.00 1.039 77.02 81.02
3 0.542 28.30 990,616 0.0625 20.00 2.00 1.039 65.02 69.02
3 0.542 28.30 990,616 0.0625 32.00 2.00 1.039 53.02 57.02
3 0.542 28.30 990,616 0.0625 44.00 4.00 1.039 39.02 47.02
3 0.542 28.30 990,616 0.0625 10.00 8.00 1.039 69.02 85.02
3 0.542 28.30 990,616 0.0625 26.00 7.00 1.039 54.02 68.02
3 0.542 28.30 990,616 0.0625 42.00 7.00 1.039 38.02 52.02
3 0.542 28.30 990,616 0.0750 12.00 1.00 1.247 74.02 76.02
3 0.542 28.30 990,616 0.0750 28.00 2.00 1.247 57.02 61.02
3 0.542 28.30 990,616 0.0750 10.00 3.00 1.247 74.02 80.02
3 0.542 28.30 990,616 0.0750 23.00 3.00 1.247 61.02 67.02
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Figure 17 (continued).  Run ID# O - Sinusoidal AOA Parked - Priority 2.  Parked rotor with
sinusoidally varying blade pitch, at selected tunnel velocities from 20-40 m/s.  With five-hole leading
edge pressure probes installed.

Span
Station

Chord
(m)

Uw (m/s) Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Blade Pitch
Freq (Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

3 0.542 28.30 990,616 0.0250 8.0 5.5 0.416 73.52 84.52
3 0.542 28.30 990,616 0.0250 14.0 5.5 0.416 67.52 78.52
3 0.542 28.30 990,616 0.0250 20.0 5.5 0.416 61.52 72.52
3 0.542 28.30 990,616 0.0250 8.0 10.0 0.416 69.02 89.02
3 0.542 28.30 990,616 0.0250 14.0 10.0 0.416 63.02 83.02
3 0.542 28.30 990,616 0.0250 20.0 10.0 0.416 57.02 77.02
3 0.542 28.30 990,616 0.0500 8.0 5.5 0.831 73.52 84.52
3 0.542 28.30 990,616 0.0500 14.0 5.5 0.831 67.52 78.52
3 0.542 28.30 990,616 0.0500 20.0 5.5 0.831 61.52 72.52
3 0.542 28.30 990,616 0.0500 8.0 10.0 0.831 69.02 89.02
3 0.542 28.30 990,616 0.0500 14.0 10.0 0.831 63.02 83.02
3 0.542 28.30 990,616 0.0500 20.0 10.0 0.831 57.02 77.02
3 0.542 28.30 990,616 0.0750 8.0 5.5 1.247 73.52 84.52
3 0.542 28.30 990,616 0.0750 14.0 5.5 1.247 67.52 78.52
3 0.542 28.30 990,616 0.0750 20.0 5.5 1.247 61.52 72.52
3 0.542 28.30 990,616 0.1000 8.0 5.5 1.662 73.52 84.52
3 0.542 28.30 990,616 0.1000 14.0 5.5 1.662 67.52 78.52
3 0.542 28.30 990,616 0.1000 20.0 5.5 1.662 61.52 72.52
4 0.457 33.90 1,000,542 0.0250 5.00 1.00 0.590 82.56 84.56
4 0.457 33.90 1,000,542 0.0250 15.00 3.00 0.590 70.56 76.56
4 0.457 33.90 1,000,542 0.0250 16.00 11.00 0.590 61.56 83.56
4 0.457 33.90 1,000,542 0.0250 28.00 13.00 0.590 47.56 73.56
4 0.457 33.90 1,000,542 0.0375 10.00 2.00 0.885 76.56 80.56
4 0.457 33.90 1,000,542 0.0375 26.00 2.00 0.885 60.56 64.56
4 0.457 33.90 1,000,542 0.0375 42.00 3.00 0.885 43.56 49.56
4 0.457 33.90 1,000,542 0.0375 15.00 10.00 0.885 63.56 83.56
4 0.457 33.90 1,000,542 0.0375 28.00 10.00 0.885 50.56 70.56
4 0.457 33.90 1,000,542 0.0375 42.00 10.00 0.885 36.56 56.56
4 0.457 33.90 1,000,542 0.0500 13.00 1.00 1.181 74.56 76.56
4 0.457 33.90 1,000,542 0.0500 30.00 2.00 1.181 56.56 60.56
4 0.457 33.90 1,000,542 0.0500 4.00 2.00 1.181 82.56 86.56
4 0.457 33.90 1,000,542 0.0500 12.00 2.00 1.181 74.56 78.56
4 0.457 33.90 1,000,542 0.0500 25.00 2.00 1.181 61.56 65.56
4 0.457 33.90 1,000,542 0.0500 10.00 3.00 1.181 75.56 81.56
4 0.457 33.90 1,000,542 0.0500 27.00 3.00 1.181 58.56 64.56
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Figure 17 (continued).  Run ID# O - Sinusoidal AOA Parked - Priority 2.  Parked rotor with
sinusoidally varying blade pitch, at selected tunnel velocities from 20-40 m/s.  With five-hole leading
edge pressure probes installed.

Span
Station

Chord
(m)

Uw
(m/s)

Local
Re

Local
K

Mean
AOA (deg)

Omega
AOA (deg)

Blade Pitch
Freq (Hz)

Tip Min
Pitch (deg)

Tip Max
Pitch (deg)

4 0.457 33.90 1,000,542 0.0250 8.0 5.5 0.590 75.06 86.06
4 0.457 33.90 1,000,542 0.0250 14.0 5.5 0.590 69.06 80.06
4 0.457 33.90 1,000,542 0.0250 20.0 5.5 0.590 63.06 74.06
4 0.457 33.90 1,000,542 0.0250 8.0 10.0 0.590 70.56 90.56
4 0.457 33.90 1,000,542 0.0250 14.0 10.0 0.590 64.56 84.56
4 0.457 33.90 1,000,542 0.0250 20.0 10.0 0.590 58.56 78.56
4 0.457 33.90 1,000,542 0.0500 14.0 5.5 1.181 69.06 80.06
4 0.457 33.90 1,000,542 0.0500 20.0 5.5 1.181 63.06 74.06
4 0.457 33.90 1,000,542 0.0750 14.0 5.5 1.771 69.06 80.06
4 0.457 33.90 1,000,542 0.0750 20.0 5.5 1.771 63.06 74.06
5 0.381 39.30 967,024 0.0125 5.00 1.00 0.410 83.65 85.65
5 0.381 39.30 967,024 0.0125 15.00 4.00 0.410 70.65 78.65
5 0.381 39.30 967,024 0.0125 13.00 8.00 0.410 68.65 84.65
5 0.381 39.30 967,024 0.0125 22.00 11.00 0.410 56.65 78.65
5 0.381 39.30 967,024 0.0125 16.00 15.00 0.410 58.65 88.65
5 0.381 39.30 967,024 0.0125 24.00 17.00 0.410 48.65 82.65
5 0.381 39.30 967,024 0.0125 33.00 18.00 0.410 38.65 74.65
5 0.381 39.30 967,024 0.0250 16.00 2.00 0.821 71.65 75.65
5 0.381 39.30 967,024 0.0250 37.00 3.00 0.821 49.65 55.65
5 0.381 39.30 967,024 0.0250 10.00 8.00 0.821 71.65 87.65
5 0.381 39.30 967,024 0.0250 22.00 8.00 0.821 59.65 75.65
5 0.381 39.30 967,024 0.0250 37.00 8.00 0.821 44.65 60.65
5 0.381 39.30 967,024 0.0375 9.00 1.00 1.231 79.65 81.65
5 0.381 39.30 967,024 0.0375 9.00 2.00 1.231 78.65 82.65
5 0.381 39.30 967,024 0.0375 21.00 2.00 1.231 66.65 70.65
5 0.381 39.30 967,024 0.0250 8.0 5.5 0.821 76.15 87.15
5 0.381 39.30 967,024 0.0250 14.0 5.5 0.821 70.15 81.15
5 0.381 39.30 967,024 0.0250 20.0 5.5 0.821 64.15 75.15
5 0.381 39.30 967,024 0.0250 8.0 10.0 0.821 71.65 91.65
5 0.381 39.30 967,024 0.0250 14.0 10.0 0.821 65.65 85.65
5 0.381 39.30 967,024 0.0250 20.0 10.0 0.821 59.65 79.65
5 0.381 39.30 967,024 0.0500 14.0 5.5 1.642 70.15 81.15
5 0.381 39.30 967,024 0.0500 20.0 5.5 1.642 64.15 75.15
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Figure 18.  Run ID# P - Wake Flow Visualization - Priority 2.  Upwind rigid rotor (0°°°° cone)
operation at fixed blade pitch settings of 3°°°° and 12°°°°, at selected yaw angles and tunnel velocities
from 5-12 m/s.  With five-hole leading edge pressure probes installed.  With blade tip smoke flow
visualization.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  P
SEQUENCE:  Wake Flow Vis Upwind (P)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 90 135 180 -135 -90 -45 -30 -20 -10 -5
5.0 X X X X X X
6.0
7.0 X X X X X X
8.0
9.0
10.0 X X X X
11.0
12.0 X X
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

Each "X" entry indicates that the wake will be visualized for approximately 1 minute at that
combination of wind speed and yaw angle.

BLADE PITCH ANGLE = 3.0 deg FOR 5.0 m/s AND 7.0 m/s
BLADE PITCH ANGLE = 12.0 deg FOR 10.0 m/s AND 12.0 m/s



51

Figure 19.  Run ID# Q - Dynamic Inflow - Priority 2.  Upwind rigid rotor (0°°°° cone) operation at
zero yaw, with stepped blade pitch variations, at selected tunnel velocities from 5-15 m/s.  With five-
hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:  Q
SEQUENCE:  Dynamic Inflow (P)

Uw (m/s) Initial Tip
Pitch (deg)

Final Tip
Pitch (deg)

Pitch Rate
(deg/s)

Delay Time (s) Hold Time (s) Number of Pitches

5.0 -6.0 10.0 66.0 15.0 15.0 20
5.0 -6.0 10.0 66.0 15.0 15.0 20
8.0 0.0 18.0 66.0 10.0 10.0 20
8.0 0.0 18.0 66.0 10.0 10.0 20

10.0 6.0 24.0 66.0 8.0 8.0 20
10.0 6.0 24.0 66.0 8.0 8.0 20
15.0 18.0 36.0 66.0 5.0 5.0 40

"Initial Tip Pitch" column entries indicate tip pitch angle prior to pitching, and "Final Tip Pitch" column entries
denote tip pitch after pitching.  "Delay Time" is the time period allowed to elapse prior to initiating the next
pitch.  "Hold Time" is the time allowed to elapse before pitching back to the intial pitch angle.  Data will be
acquired during the entire series of pitches specified in the column titled �Number of Pitches.�
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Figure 20.  Run ID# R � Varying AOA Without Probes - Priority 2.  Upwind rigid rotor (3.4°°°° cone)
operation at zero yaw, with ramped and stepped blade pitch variations, at selected tunnel velocities
from 6-20 m/s.  With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03m
TWO BLADE HUB

RUN ID#:   R
SEQUENCE:   Step AOA, No Probes (P)

Uw
(m/s)

Yaw
(deg)

Initial Tip
Pitch
(deg)

0.30R
AOA at
Initial
Pitch
(deg)

0.95R
AOA at
Initial
Pitch
(deg)

Final Tip
Pitch
(deg)

0.30R
AOA at
Final
Pitch
(deg)

0.95R AOA
at

Final Pitch
(deg)

Pitch Rate
(deg/s)

Pitching

6.0 0.0 32.0 -16.0 -20.1 -15.0 20.0 20.1 0.180 continuous ramp
6.0 0.0 -15.0 20.0 20.1 32.0 -16.0 -20.1 -0.180 continuous ramp
6.0 0.0 32.0 -16.1 -20.1 -15.0 20.0 20.1 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
6.0 30.0 32.0 -16.1 -20.1 -15.0 20.0 20.1 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
10.0 0.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 0.180 continuous ramp
10.0 0.0 -15.0 36.0 26.8 37.0 -9.0 -2.0 -0.180 continuous ramp
10.0 0.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
10.0 30.0 37.0 -9.0 -2.0 -15.0 36.0 26.8 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
15.0 0.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 0.180 continuous ramp
15.0 0.0 -15.0 48.2 34.0 40.0 -1.6 -16.3 -0.180 continuous ramp
15.0 0.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
15.0 30.0 40.0 -1.6 -16.3 -15.0 48.2 34.0 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
20.0 0.0 44.0 1.3 -14.4 28.0 14.7 -0.8 0.180 continuous ramp
20.0 0.0 28.0 14.7 -0.8 44.0 1.3 -14.4 -0.180 continuous ramp
20.0 0.0 44.0 1.3 -14.4 28.0 14.7 -0.8 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data
20.0 30.0 44.0 1.3 -14.4 28.0 14.7 -0.8 step up then

step down
5.0 deg step, 3.0 s

delay, 5.0 s data

The column titled "Pitching" describes how the blade will be pitched to acquire static data.  The entry "continuous ramp"
indicates that pitching will be carried out at 0.180 degrees per second through the range indicated in the columns to
the left.  The entry "5.0 deg step, 3.0 s delay, 5.0 s data� indicates that, through the range indicated in the columns to
the left, the blade will be stepped in pitch to the each angle, 3.0 seconds will be allowed to elapse to stabilize the flow,
and then 5.0 seconds of data will be acquired.
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Figure 21.  Run ID# S � Upwind Clean Blade (no probes) - Priority 2.  Upwind rigid rotor (0°°°° cone)
operation at constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.
With five-hole leading edge pressure probes removed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  S
SEQUENCE:  Upwind, No Probes (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X
6.0 X2 X X
7.0 X2 X X X X X X X X X X
8.0 X2 X X
9.0 X2 X X
10.0 X2 X X X X X X X X X X
11.0 X2 X X
12.0 X2 X X
13.0 X2 X X
14.0 X2 X X
15.0 X2 X X X X X X X X X X
16.0 X2 X X
17.0 X2 X X
18.0 X2 X X
19.0 X2 X X
20.0 X2 X X X X X X X X X X
21.0 X2 X X
22.0 X2 X X
23.0 X2 X X
24.0 X2 X X
25.0 X2 X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second data
set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.
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Figure 22.  Run ID# T � Upwind 2°°°° Pitch Power Curve - Priority 2.  Upwind rigid rotor (cone)
operation at zero yaw and constant blade pitch (2°°°°), and tunnel velocities from 5-25 m/s.  With five-
hole leading edge pressure probes removed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  T
SEQUENCE:  Upwind, 2 deg Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X
6.0 X
7.0 X
8.0 X
9.0 X
10.0 X
11.0 X
12.0 X
13.0 X
14.0 X
15.0 X
16.0 X
17.0 X
18.0 X
19.0 X
20.0 X
21.0 X
22.0 X
23.0 X
24.0 X
25.0 X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 23.  Run ID# U - 4°°°° Pitch Power Curve - Priority 2.  Upwind rigid rotor (0°°°° cone) operation
at zero yaw and constant blade pitch (4°°°°), at selected tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes removed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  U
SEQUENCE:  Upwind, 4 deg Pitch (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X
6.0 X
7.0 X
8.0 X
9.0 X
10.0 X
11.0 X
12.0 X
13.0 X
14.0 X
15.0 X
16.0 X
17.0 X
18.0 X
19.0 X
20.0 X
21.0 X
22.0 X
23.0 X
24.0 X
25.0 X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 24.  Run ID# V - Tip Plate Power Curve - Priority 2.  Upwind rigid rotor (0°°°° cone) operation
at zero yaw and constant blade pitch (3°°°°), at selected tunnel velocities from 5-25 m/s.  With five-hole
leading edge pressure probes removed.  With tip plate installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  V
SEQUENCE:  Tip Plate (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X
6.0 X
7.0 X
8.0 X
9.0 X
10.0 X
11.0 X
12.0 X
13.0 X
14.0 X
15.0 X
16.0 X
17.0 X
18.0 X
19.0 X
20.0 X
21.0 X
22.0 X
23.0 X
24.0 X
25.0 X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 25.  Run ID# W - Extended Rotor Power Curve - Priority 2.  Upwind rigid rotor (0°°°° cone)
operation at zero yaw and constant blade pitch (3°°°°), at selected tunnel velocities from 5-25 m/s.
With five-hole leading edge pressure probes removed.  With extended blade tips installed to achieve
rotor diameter of 5.53m (optimum for two-bladed rotor).

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  W
SEQUENCE:  Extended Blade (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X
6.0 X
7.0 X
8.0 X
9.0 X
10.0 X
11.0 X
12.0 X
13.0 X
14.0 X
15.0 X
16.0 X
17.0 X
18.0 X
19.0 X
20.0 X
21.0 X
22.0 X
23.0 X
24.0 X
25.0 X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.
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Figure 26.  Run ID# X � Medium RPM - Priority 2.  Upwind rigid rotor (0°°°° cone) operation at
constant blade pitch (~0°°°°), at yaw angles and tunnel velocities from 5-15 m/s.  With five-hole leading
edge pressure probes installed.  Operation at medium RPM (~90 RPM).

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  X
SEQUENCE:  Medium RPM (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X X X X X X X
6.0 X X X
7.0 X X X X X X X X X
8.0 X X X
9.0 X X X
10.0 X X X X X X X X X
11.0 X X X
12.0 X X X
13.0 X X X
14.0 X X X
15.0 X X X X X X X X X
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second data
set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.
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Figure 27.  Run ID# Y � High RPM - Priority 2.  Upwind rigid rotor (0°°°° cone) operation at constant
blade pitch (~-4°°°°), at selected yaw angles and tunnel velocities from 5-15 m/s.  With five-hole
leading edge pressure probes installed.  Operation at highest RPM (~110 RPM).

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  Y
SEQUENCE:  High RPM (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X X X X X X X
6.0 X X X
7.0 X X X X X X X X X
8.0 X X X
9.0 X X X
10.0 X X X X X X X X X
11.0 X X X
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle. The fist of these date sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed. The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind
speed. This will be done to provide an indication of system viability and data repeatability.
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Figure 28.  Run ID# Z -Upwind Rigid Rotor Coned Downwind - Priority 3.  Rigid rotor (3.4°°°° cone)
operation at constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities from 5-25 m/s.
With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  Z
SEQUENCE:  Upwind Coned (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X
6.0 X2 X X
7.0 X2 X X X X X X X X X X
8.0 X2 X X
9.0 X2 X X
10.0 X2 X X X X X X X X X X
11.0 X2 X X
12.0 X2 X X
13.0 X2 X X
14.0 X2 X X
15.0 X2 X X X X X X X X X X
16.0 X2 X X
17.0 X2 X X
18.0 X2 X X
19.0 X2 X X
20.0 X2 X X X X X X X X X X
21.0 X2 X X
22.0 X2 X X
23.0 X2 X X
24.0 X2 X X
25.0 X2 X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viability and data repeatability.
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Figure 29.  Run ID# 1 - Wake Flow Visualization Downwind - Priority 3.  Downwind teetered rotor
(3.4°°°° cone) operation at blade pitch settings of 3°°°° and 12°°°°, at selected yaw angles and tunnel
velocities from 5-12 m/s.  With five-hole leading edge pressure probes installed.  With blade-tip
smoke-flow visualization.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  1
SEQUENCE:  Wake Flow Vis Downwind (P)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 90 135 180 -135 -90 -45 -30 -20 -10 -5
5.0 X X X X X X
6.0
7.0 X X X X X X
8.0
9.0
10.0 X X X X
11.0
12.0 X X
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

Each "X" entry indicates that the wake will be visualized for approximately 1 minute at that
combination of wind speed and yaw angle.

BLADE PITCH ANGLE = 3.0 deg FOR 5.0 m/s AND 7.0 m/s
BLADE PITCH ANGLE = 12.0 deg FOR 10.0 m/s AND 12.0 m/s
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Figure 30.  Run ID# 2� Blade Flow Visualization Tufts Installed - Priority 3.  Downwind teetered
rotor (3.4°°°° cone) operation at constant blade pitch (3°°°°), at selected yaw angles and tunnel velocities
from 5-25 m/s.  With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  2
SEQUENCE:  Blade Tufts (F)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X2 X X X X X X X X X X X X X X X X X X X
6.0 X2 X X X X
7.0 X2 X X X X X X X X X X X X X X X X X X X
8.0 X2 X X X X
9.0 X2 X X X X
10.0 X2 X X X X X X X X X X X X X X X X X X X
11.0 X2 X X X X
12.0 X2 X X X X
13.0 X2 X X X X
14.0 X2 X X X X
15.0 X2 X X X X X X X X X X X X X X X X X X X
16.0 X2 X X X X
17.0 X2 X X X X
18.0 X2 X X X X
19.0 X2 X X X X
20.0 X2 X X X X X X X X X X X X X X X X X X X
21.0 X2 X X X X
22.0 X2 X X X X
23.0 X2 X X X X
24.0 X2 X X X X
25.0 X2 X X X X X X X X X X X X X X X X X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second
data set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.

Shaded cells correspond to cases that may not be realizable due to excessive teeter impact loads,
according to ADAMS predictions.
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Figure 31.  Run ID# 3 - Tower Wake Measurement - Priority 3.  Downwind rigid rotor (3.4°°°° cone)
slow rotation at zero yaw and constant blade pitch (64°°°°), at tunnel velocities of 7, 15, and 25 m/s.
With five-hole leading edge pressure probes installed.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

 RUN ID#:  3
SEQUENCE:  Tower Wake Measure (P)

Uw
(m/s)

Tower Diam. (m) Re Re Range

7.0 0.4 180,833 Subcritical
15.0 0.4 387,499 Transitional
25.0 0.4 645,832 Supercritical

At each wind speed, the instrumented blade will be rotated slowly or
stepped in azimuth through the tower wake.  This will enable tower wake
profiling with the five hole probes mounted upstream of the instrumented
blade leading edge.
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Figure 32.  Run ID# 4 - Static Pressure Calibration - Priority 3.  Downwind rotor, either rigid (0°°°°
cone) or teetered (3.4°°°° cone) operation at 0°°°°, 10°°°°, and 30°°°° yaw and constant blade pitch (3°°°°).  With
five-hole leading edge pressure probes installed.  Configured to measure differential pressure
between blade reference and upwind static probe.

NASA AMES TEST PLAN
TWISTED, TAPERED BLADES; R = 5.03 m
TWO BLADE HUB

RUN ID#:  4
SEQUENCE:  Static Press. Cal (P)

Uw Yaw Angle
(m/s) 0 5 10 20 30 45 60 75 90 135 180 -135 -90 -75 -60 -45 -30 -20 -10 -5
5.0 X X X
6.0 X
7.0 X X X
8.0 X
9.0 X
10.0 X X X
11.0 X
12.0 X
13.0 X
14.0 X
15.0 X X X
16.0 X
17.0 X
18.0 X
19.0 X
20.0 X X X
21.0 X
22.0 X
23.0 X
24.0 X
25.0 X X X

Each "X" entry indicates that 30 seconds of data (corresponding to 36 revolutions) will be acquired at that combination
of wind speed and yaw angle.

The entry "X2" indicates that two data sets, each 30 seconds long (corresponding to 36 revolutions), will be
acquired at this combination of wind speed and yaw angle.  The first of these data sets will be acquired just after
setting wind speed, and prior to acquiring data at any of the other yaw angles for that wind speed.  The second data
set will be acquired after collecting data at all of the other yaw angles, but before setting the next wind speed.
This will be done to provide an indication of system viablity and data repeatability.



Appendix A.  NREL � NASA Ames 10 m HAWT
Unsteady Rotor Aerodynamics Wind Tunnel Test

Science Panel Meeting #1, October 5-6, 1998
National Wind Technology Center (NWTC), Boulder Colorado

Final Agenda

Monday, October 5

Session 1.  Overview

7:45 Continental breakfast (to be brought in)
8:00 Welcome and introductions Simms
8:30 Wind turbine aerodynamics overview Robinson
9:00 IEC wind turbine design process overview Butterfield
9:30 Turbulence inflow characteristics overview Kelley
10:00 Break

Session 2.  Wind Turbine Aerodynamics �Engineering Methods�

In this session, the various methods used to estimate wind turbine aerodynamic responses for engineering purposes
(e.g. for inclusion in full turbine structural dynamics models) are identified and briefly described.  In addition to
including models that account for the effects of dynamic stall, these methods also typically incorporate models of 3-D
responses (e.g. delayed stall and tip loss effects).  Presenters will summarize method objectives, including, for
example, who developed the method, what models are included in it, how it was tuned and validated, and
modifications made to fix problems and improve performance.

10:15 AeroDyn Hansen/ Pierce
10:30 European Models and EU Joule project summaries Bjorck/ Madsen/ Rasmussen /Smith
/Snel
11:15 Group comments and discussion

Session 3.  Beddoes- Leishman Dynamic Stall Model

This session provides a forum for users of the Beddoes- Leishman (and other similar models) to focus on issues
specific to semi-empirical dynamic stall models.  Users will also address issues related to associated 3-D effects
models.  Each presenter will provide the following:  1) a brief description of modeling needs and efforts including
typical applications; 2) identification of model shortcomings, perceived limitations, and problems encountered; 3) a
summary chart depicting model strengths and weaknesses; 4) a summary of needed improvements; and 5) specific
information that the NREL wind tunnel test could provide to enable better model utilization and/ or validation.

11:30 Original model development and intent Leishman
12:00 Lunch (to be brought in)
12:30 As implemented in AeroDyn Pierce/ Hansen
13:15 As implemented by FFA Sweden Bjorck
14:00 Break
14:15 As implemented by Garrad-Hassan UK Smith
15:00 As implemented by Riso Denmark Madsen/ Rasmussen
15:45 Break
16:00 As implemented by ECN Netherlands Snel
16:45 Group comments and discussion
18:30 Dinner (to be provided � Hotel Boulderado, 13th and Spruce, Boulder)
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Tuesday, October 6

Session 4.  3-D Effects Models

In this session, users of various other 3-D effects models will address the same five specific topics:  1) brief
description of modeling needs and efforts, including typical applications; 2) identification of model shortcomings,
perceived limitations, and problems encountered; 3) a summary chart depicting model strengths and weaknesses; 4)
summary of needed improvements; and 5) specific information that the NREL wind tunnel test could provide to
enable better model utilization and/ or validation.

7:45 Continental breakfast (to be brought in)
8:00 Skewed wake modeling Holley
8:30 Corrigan/Du delayed stall model/ Prandtl tip loss model Whale/ Tangler
9:30 Potential of CFD to improve engineering methods Duque/ Van Dam

Session 5.  Test Description

10:15 Break/ Tour of experimental facility
11:15 Review of turbine systems, planned field testing, and data processing Simms/ Hand
12:00 Lunch (to be brought in)
12:30 Planned wind tunnel test logistics Fingersh
13:00 Strawman of test matrix and research issues addressed Robinson
14:00 Break

Session 6.  Conclusion and Wrap-up

14:15 Group discussion - test priorities to address research needs
16:00 Comments and summary by technical oversight committee. Carr/ Galbraith/ Leishman/
McCroskey

Minutes and Follow-up

All presenters are requested to bring a copy of their presentation to be included in the meeting minutes, or, if
possible, email the presentation in electronic format (Power Point 2-slide per page handout format is preferable) to
dave_simms@nrel.gov.

Meeting minutes, including presentations, will be compiled and provided to all participants at a later time.  All
participants are requested to submit 1-2 pages of summary comments within a few days following the meeting.  The
comments should identify key meeting issues and other significant concerns.  NREL will review participant comments
and summarize results into the meeting minutes.
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